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Abstract 
The specifie stimuli for osteogenesis are not clearly defined. It has been generally 
assumed that the chemical similarity of some biomaterials, such as hydroxyapatite 
and tri-calcium phosphate, to the minerai phase of bone generates a favorable 
osseous response. However, this does not account for the osseous response 
observed with a diverse range of metallic biomaterials that when placed in an 
osseous environment under appropriate conditions become osseointegrated. In 
this context, microtexture is essential for osseointegration; implants with irregularly 
microtextured surfaces (Ra 1-7 IJm) are generally apposed by bone whereas those 
with poli shed surfaces (Ra « 0.5 IJm) are generally apposed by fibrous tissue. 
Understanding the specifie local stimuli for osteogenesis provides important 
information to optimize cementless implant design and new bone formation. This 
thesis suggests that surface topography is a specifie local stimulus for 
osteogenesis as demonstrated in the context of in vivo and in vitro models. 
To test the stimulatory effect of surface texture, a technique was developed to 
apply an irregular microtexture to sintered beaded porous coatings which doubled 
the amount of bone ingrowth. Another technique was developed to mask the 
chemistry of plasma sprayed hydroxyapatite without altering its topography. 
Plasma sprayed hydroxyapatite coatings possess a distinct microtexture 
comparable to that found on commercially available microtextured implants. In this 
in vivo model nearly 80% of the osseous response to hydroxyapatite coated 
implants was atlributed to surface topography not chemistry. 
Further studies were undertaken to determine if a biological ana log existed for the 
rough irregular surfaces found on commercially available microtextured implants. 
A fracture model was developed that generated a range clinically observed of 
fracture types. Overall the different fracture surfaces possessed an irregular 
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microtexture (Ra = 2.85 ± 1.32 \.lm) that was not statistically different from those 
found on commercially available microtextured implants (Ra = 2-5 \.lm). 
A novel method was developed to examine the response of pre-osteoblast cells to 
bone fracture surfaces. Disks of bone were fabricated from bovine tibia for in vitro 
study. A fractured surface was produced on these disks by splitting them with an 
osteotome. From each fractured disk pair, one half was polished to a smooth 
surface and the other left as fractured. A further subset of disks was produced by 
masking the surface chemistry with a nanometer thin layer of titanium using the 
technique previously described. Regardless of surface chemistry, bone or bone 
masked by titanium, formation of a mineralized matrix was observed only on the 
fractured surfaces. This suggested that the microtexture of the fracture surface 
may be a stimulus for new bone formation. Furthermore, the osseous response to 
microtextured implants may in fact be a response to what is perceived as a fracture 
surface. 
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Résumé 
Les stimuli spécifiques de l'ostéogenèse ne sont pas clairement définis. " est 
généralement reconnu que la similarité chimique des biomatériaux tels que 
l'hydroxyapatite avec la phase minérale de l'os cause une réponse osseuse 
anabolisante. Cependant, il est aussi connu que la microtexture est essentielle à 
l'ostéointégration; les implants ayant des surfaces à microtexture irrégulière (Ra 1-
7 !-lm) sont généralement recouverts par de l'os alors que ceux ayant des surfaces 
polies (Ra«0.5 !-lm) sont généralement recouverts par du tissu fibreux. 
La compréhension des stimuli locaux spécifiques de l'ostéogenèse procure une 
information importante pour optimiser le design d'implant sans ciment et la 
formation osseuse. Cette thèse élucide l'importance de la topographie de surface 
comme stimulus physique principal pour l'ostéogenèse, démontré par des 
expériences in vivo et in vitro. 
Dans une expérience in vivo, une technique a été développée pour appliquer une 
microtexture irrégulière à des revêtements poreux de grains frittés-ceci a permis 
une augmentation de 60% de la formation osseuse. Une autre expérience a 
permis de développer une technique de masquage de la chimie de 
l'hydroxyapatite déposé par plasma avec du titane sans altérer sa topographie. 
Les revêtements d'hydroxyapatite déposés par plasma possèdent une 
microtexture distincte comparable à celles des implants à microtexture disponibles 
commercialement. Une étude in vivo a révélé qu'environ 80% de la réponse 
osseuse aux implants revêtus d'hydroxyapatite était attribué à la topographie de 
surface de l'hydroxyapatite, plutôt qu'à la chimie. 
D'autres études furent entreprises pour explorer si un analogue biologique existait 
pour les surfaces d'implants à microtexture commercialement disponibles et 
connus pour faciliter l'osséointégration. Un modèle de fracture mécanique utilisant 
des os bovins fut développé pour générer une gamme de fractures d'os cortical 
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observées cliniquement. D'une manière générale, les différentes surfaces de 
fracture possédaient une microtexture irrégulière (Ra = 2.8 IJm) qui était très 
similaire à celle des implants à microtexture commercialement disponibles (Ra = 2-
5 IJm). 
Une méthode nouvelle fut développée pour examiner la réponse de pré-
osteoblastes aux surfaces de fractures osseuses. Des disques d'os du tibia de 
bovins furent fabriqués pour des études in vitro. Ces disques furent préparés avec 
des surfaces fracturées, à microtexture ou polies avec ou sans couche de 
masquage en titane. La formation de matrice minéralisée fut observée seulement 
sur les surfaces fracturées à microtextures, et pas sur les surfaces polies, 
indépendamment de la chimie. Ceci suggère que la microtexture de la surface 
fracturée joue un rôle dans la cascade de cicatrisation conduisant à la formation 
d'os nouveau. De plus, la réponse osseuse à des implants orthopédiques à 
microtexture ne représentent peut-être qu'une réponse biologique à ce qui est 
perçu comme une surface de fracture. 
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1. Introduction 
It is estimated that the average person 
takes about 2 million steps per year and 
will complete 150 million steps in their 
lifetime. Each step produces motion and 
load at the "bail and socket" joint of the 
hip (Figure 1.1). Like any system with 
moving components, the human body is 
prone to wear, damage and degradation 
of function. To reduce wear, the surfaces 
of the femoral head (bail) and the 
acetabulum (socket), are both covered 
with a durable, low friction surface ca lied 
IDp Joint [OpenedJ 
LaIerai View 
Figure 1.1. Anatomy of the hip joint. Note 
the femoral head has been distracted 
and rotated out of the joint. 
cartilage. Healthy cartilage is essential for pain free mobility of the hip so it is not 
surprising that cartilage compromised by disease, in jury, congenital defects or 
inadequate blood supply results in chronic pain and loss of normal joint function. 
The most common cause of degradation of joint function is osteoarthritis. 
Osteoarthritis is characterized radiographically by a reduction in joint space 
resulting from a loss of joint cartilage. This results in pain and reduced mobility 
and occurs primarily in the knees and hips.5 ln 1990, the World Health 
Organization (WHO) considered osteoarthritis the eighth leading non-fatal burden 
of disease in the world. Globally the WHO estimates that osteoarthritis affects 
9.6% of men and 18% of women over 60 years in age.76 Undoubtedly, the 
impact of osteoarthritis on society is profound. Deterioration of joint function 
markedly reduces an individual's mobility and self-sufficiency. Eighty percent of 
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people with osteoarthritis have limitation of movement, and 25% cannot perform 
their major daily activities of living.23 
At present, the only proven method for 
the treatment of osteoarthritis and other 
joint disorders is Arthroplasty. 
Arthroplasty is the replacement of the 
articulating surfaces of a joint with 
mechanical components (Figure 1.2). In 
total hip arthroplasty (THA), an artificial 
hip is usually comprised of a metallic 
femoral stem, a polished femoral head 
(bail), a low friction liner of ultra high 
molecular weight polyethylene 
(UHMWPE) backed by a metallic cup 
(socket). Prior to the development of THA 
therapeutic options did exist to correct the 
underlying pathology. Options for the 
Figure 1.2. THA comprised of a metallic 
stem, polished head, ultra high 
molecular weight polyethylene liner and 
an metallic acetabular cup. 
management of the pathological hip joint were simple analgesia, femoral 
osteotomy (repositioning of the articulating surfaces), hip arthodesis (fusion of the 
joint) or removal of the hip joint. However, in the early 1960'S29, John Charnley 
introduced hip joint replacement and provided a novel therapeutic option to 
restore hip joint function and alleviate pain. Sir John Charnley was knighted for 
this achievement in 1977.78 Today THA is considered one of the most successful 
operative procedures of our time as is demonstrated by it's broad application. It 
is estimated that 2.5 million people world wide have hip joint replacements and 
that about 850,000 new operations are performed annually.64 The demand for 
THA has increased over 18% from 1991 - 2000 and cou Id rise by up to 22% by 
the year 2010.31 The elderly account for the majority of hip replacement 
surgeries, but younger patients (less than 50 years of age) with traumatic or 
adolescent hip disorders represent an increasing proportion. 32 
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Although THA is a highly successful procedure a significant number of post-
operative complications exist. Clinical outcome measures generally reach their 
maximum at 2 to 5 years after arthroplasty and thereafter they decline 
gradually.61 During the period from 1991 - 2000, the number of revision 
operations rose from 8% to 20%? Complications may be related to many factors 
that directly exclude those related to the engineering aspects of THA. However, 
this revision rate cannot be ignored and provides substantial evidence to support 
continued investigation which is essential as patients live longer, healthier and 
more active lives. 
Research in THA is generally focused on three areas: wear of the bearing 
couple, preservation of bone stock adjacent to the implant and fixation of the 
implant. As improvements in each area extend the current technology and its 
application, new complications arise. The mean survival of the THA is a measure 
of its functional utility. This is generally reported to be about 14-15 years.42 
However, the literature includes reports of successful outcomes of patients in 
their 30's or younger receiving THA.6,33 These patients are stretching the age and 
activity limits of THA and will certainly present new findings that challenge new 
development and research efforts. 
-3-
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1.1. Types of Implant Fixation 
For optimal performance, joint replacements must be mechanically stable during 
the life of the patient. Ideally implants used in THA are fixed to the surrounding 
cortical bone in a manner that permits little or no relative motion. Implant fixation 
by bone or osseointegration is the generation of a stable uninterrupted interface 
between the implant material(s) and the surrounding bone.1.2.21.22 Over the last 
three decades, a variety of approaches have been developed for implant fixation. 
These approaches can be broadly classified as mechanical attachment with and 
without bone cement. 
1.1.1. Bone cement 
Charnley initiated the use of bone cement, 
polymethylmethacrylate (PM MA) in the early 1960's, 
which today remains the most studied and most 
widespread method of implant fixation in joint 
replacement. PMMA is the combination of a liquid 
monomer and a powder polymer that cure within several 
minutes of mixing. Advances in the mixing and 
application of PMMA have given rise to cementing 
techniques that provide excellent clinical results on the 
femoral side in elderly, less active patients under 72 kg 
in weight.16.60 The pressurized application of PMMA in 
conjunction with scrupulous cleaning and drying of bone 
Figure 1.3. Cemented 
THA. Cement (white) 
shown between implant 
surfaces have, in large part, contributed to this success. and bone. 
Bone cement has relatively weak adhesive properties. Fixation is achieved by 
grouting an area 2-5 mm between the implant and the endosteal walls of the 
femoral canal (Figure 1.3). The surface of the implant and the irregular surface of 
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the endosteal cortex facilitate cement microinterlock. Implant geometry and 
surface texture influence the characteristics of the transfer of the applied implant 
load. Unlike biological fixation, implants fixed with bone cement acquire 
immediate and maximal stability once the curing process is complete. 
1.1.2. Biologie fixation 
A 
-
o 0 ~ fJ 1 S ,.H ;,; 1 j 0 1 00 fJ m (,j 038 
Figure 1.4. Backscattered scanning electron microscope images of the bone - implant 
interfaced. Metal is white and Bone is grey. A) Textured titanium implant surface. B) Porous 
coated implant. BSEM 1 aax. 
Biologie fixation (Figure 1.4) is a distinctly different approach than fixation with 
cement. Biologie fixation is achieved by the direct incorporation of an implant by 
bone tissue. This can be attained by bone ingrowth in the case of a porous 
coated implant or bone ongrowth (apposition) in the case of a solid or 
microtextured implant.8,14,38,40,41,45,46,79 Osseointegration is another term 
frequently used to describe biologie fixation, defined at the light microscope level 
as the direct apposition of bone to an implant surface without intervening fibrous 
tissue. The process of osseointegration is often compared to the process of 
fracture healing and considered a process by which the implant is "healed" into 
the surrounding tissue. 
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Biologie fixation generally outperforms cemented fixation in cases where: 
• The patient less than 60 years of age 
• The patient weighs more than 72kg72•63 
• The patient is physically active 
The fifteen year survivorship of cemented femoral components in patients less 
than 60 years of age ranges from 73_88%.37.44.54 Numerous authors have 
reported better survivorship with cementless stems in patients under 60 years of 
agé·30 some as high as 97% at 12 years.4 While controversy exists among 
which technique to use in the patient over 60, excellent survivorship (>90%) of 
cementless implants has been reported.35,49.55.59 Delaunay et al. reported a 
survival rate of 99.1 % at ten years using the Swedish registry criteria of primary 
osteoarthritis with revision for aseptic loosening as the end point with the 
Zweymüller cementless implant. 
On the acetabular side, survivorship of cemented implants in younger patients is 
considerably worse34,43.50.52 and biologie fixation is clearly superior.66 At a mean 
follow up of 18 years Sullivan reported that survivorship of a cemented acetabular 
component averaged 50% in patients under 50 years of age.72 Sullivan's results 
were so convincing that he stopped the use of cemented acetabular implants in 
the study. 
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1.1.2.1. The process of osseointegration 
The process of bone repair at the implant interface is very similar to fracture 
healing 19.56 and can be divided into three phases: the inflammatory phase, the 
reparative phase and the remodeling phase.64 
Day 1-3 The first few days of implantation are the inflammatory phase. 
Hematoma and fluid accumulate in the space near the implant and an acute 
inflammatory response occurs stimulating vasodilatation and ce"ular infiltration. 
Day 4-18 The reparative phase begins when osteoprogenitor mesenchyme ce"s 
from the periosteum and endosteum (depending upon the implant location) 
surround the implant. These osteoblast stem ce"s are supported by fibrovascular 
tissue that replaces the hematoma of the inflammatory phase. Osteoclast ce"s 
resorb devitalized necrotic bone while osteoblast stem ce"s multiply, spread and 
differentiate along the implant surface. The process of bone formation begins. 
After implantation, the conditions of the micro-environ ment at the bone-implant 
interface dictate the ensuing tissue formation. Tissue formation at the implant 
interface is either fibrous or osseous or a combination of both. Repetitive motion 
at the healing interface, in excess of about 40 !lm increases the likelihood of 
fibrous tissue encapsulation at the implant interface.20.24,25,27.58,69 The nature of 
the implant surface also affects tissue formation. Smooth surfaces are most 
often encapsulated by fibrous tissue whereas porous and textured surfaces are 
more likely to be apposed by bone (Figure 1.5).9.36,41 Fina"y, closeness of fit also 
influences tissue response. Glose proximity of the of implant to cortical bone 
results in the direct formation of woven bone at the implant surface. 12 Large gaps 
(> 2mm) between implant and bone may be bridged by either cartilaginous or 
fibrous tissue. Cartilaginous tissue may remodel into woven bone however it is 
highly unlikely that fibrous tissue will transform into osseous tissue. 
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Figure 1.5. Light microscope images of the implant interface of smooth (A) and textured (B) 
titanium al/oy (Ti6AI4V) implants. A) Fibrous tissue is evident adjacent to the implant surface. 
B) Osseous tissue is adjacent to the implant surface. LM Paragon 35X. 
8 
Osseointegration is not necessary for implant fixation since an implant may be 
effectively stabilized by fibrous tissue. If the relative motion at the implant 
interface is not too excessive, fibrous tissue will align itself much Iike Sharpey's 
fibers into the porous spaces of sintered implants. The resultant fibrous tissue 
will support some degree of fixation. However, if the relative motion at the 
implant interface is too great, the fibers will align along the axis of motion and the 
effect on providing implant stability will be reduced. 
Day 19-200 The reparative phase lasts approximately two weeks after which the 
remodeling phase begins. The remodeling phase transforms woven bone formed 
during initial implant healing into a functional and potentially load bearing 
structure. Structural normalization, or adaptation of adjacent bone to the new 
loading environ ment resulting from the implant, may occur within 6-8 months. 
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1.1.2.2. Porous coatings and substrates for osseointegration 
ln the mid 1970's, investigation began to optimize implant fixation by tissue 
growth into porous materials.7.10.26.28.57.71 This biological approach to achieving 
implant stability does not require bone cement and may be attained with a variety 
of porous mate rials. 71 Porous coatings on implants are typically fabricated by 
surface bonding a few layers of tiny cobalt chromium or titanium beads or 
crushed titanium fiber wires using high temperature heat treatments in vacuum 
fumaces (Figures 1.6 A & B). The resulting implant surface provides open 
(porous) spaces for tissue ingrowth. Bone growth into porous coated implants 
develops significant interface shear strengths, on the order of several hundred to 
several thousand kilograms per square cm. 11.13 Thus, even a limited area of 
bone ingrowth provides an effective mechanical attachment between the implant 
and bone. 
Figure 1.6 Scanning electron micrographs of porous implant surfaces. A) Sintered bead (Ti), 
B) Sintered fiber metal (CoCr), C) Plasma spray Ti, D) Porous Tantalum. SEM 100X 
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Porous or coarsely textured surfaces can also be obtained by plasma spray 
techniques (Figure 1.6 C). Implant surfaces with porosity of 45% and high 
surface roughness (Ra = 625 ~m) have been created by injecting titanium 
particles into a plasma f1ame (15,000°C) while spraying them at the implant 
surface. Upon impact, these molten particles cool and solidify yielding a surface 
resembling coarse sandpaper. Plasma spray surfaces have been used 
successfully in c1inical practice for a number of years.48 
Depending on the quality of the manufacturing process, with both sintered porous 
coatings and plasma spray coatings, there is a risk of particle debonding form the 
substrate. This risk increases if the implant is unstable within the implant site. 
Particle debonding can further reduce implant stability and cause third body wear 
at the articulating surfaces of the artificial joint. Wear at the bearing couple can 
generate microscopie particles of UHMWPE which trigger an immune response 
that culminates in bone loss known as osteolysis. Osteloysis results in the loss of 
bone adjacent to an implant and over time may lead to failure of the artificial joint. 
Porous tantalum (Figure 1.6 0) is a recently developed bulk porous material that 
has properties that permit both load bearing and tissue ingrowth.15•73 The high 
porosity of porous Ta (75-80%) make it an excellent mate rial for both bone and 
soft tissue fixation. 39 This newer generation material presents a distinct micro-
texture that is visible on the porous tantalum struts (Figure 1.6 0) and may serve 
as an additional stimulus for new bone formation. Unlike sintered bead or fiber 
metal surfaces, there is not a comparable risk of particulate shedding. 
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1.1.2.3. Textured Implant Surfaces 
Implant surfaces can be prepared that have either random or predetermined 
textures that are conducive to osseointegration. Textured implant surfaces 
(Figure 1.7) have been produced by plasma spray, microknurling, casting, 
chemical etching, grit blasting and laser etching. 
Figure 1.7 Scanning electron micrographs of textured and smooth implant surfaces. A) Grit 
blasted titanium, B)Plasma sprayed hydroxyapatite C) Acid etched titanium beads, D) 
Polished titanium. SEM 500 & 1000 X 
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1.1.2.4. Textured surface description and classification 
Surface texture can be defined as the repetitive or random deviations form the 
nominal surface which form a three dimensional surface topography. Surface 
texture consists of four elements: roughness, waviness, lay and flaws. 
Roughness is a measure of the cJosely spaced irregularities of a surface. 
Roughness is a quantitatively described by the parameters in table 1.1. 
Waviness is ail irregularities whose spacing is greater than the roughness 
sampling length. Waviness is a description of the underlying surface on which a 
rough surface is superimposed. Waviness can be accounted for and eliminated 
as a source of error in most surface analysis systems. Lay is the direction of the 
predominant surface pattern. Flaws are unintentional irregularities in the surface 
pattern that occur at one or few intervals on the surface.1 
Table 1.1. Common parameters for quantifying surface roughness 
Parameter Description 
Ra Arithmetic mean of the departures from the mean profile line (Fig. 1.8) 
Rz Ten-point height is the average distance between the five highest peaks and five deepest valleys (Fig. 1.9) 
Rmax Maximum peak ta valley height within a sampling length 
S Mean spacing between adjacent peaks. (Fig. 1.10) 
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Figure 1-8 Derivation of mean centerfine average roughness (Ra) the arithmetic mean of 
the departures in the y direction from the mean profile fine. 
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Figure 1-9 Derivation of average peak to val/ey height (RzJ the average distance between 
the five highest peaks and five deepest val/eys. 
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Figure 1-10 Derivation of average peak spacing (S), the average distance between 
adjacent peaks. 
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Most modern systems for measuring and characterizing surface roughness use 
optical interferometery and digital processing to produce a three dimensional 
image of a surface area as opposed to a twa dimensional trace (Figure 1.11). 
These systems permit a rapid measurement of a larger sample area as weil as 
permit the filtering of noise and other artifacts from the surface measurements. 
A B 
c 
Figure 1.11 Optical profilometry scans of textured and smooth surfaces. A) Grit blasted 
titanium (Ra = 3.02 pm), B) Plasma sprayed hydroxyapatite (Ra = 2.46 pm), C) Acid etched 
titanium beads (Ra = 0.82 pm), D) Polished titanium (Ra = .01 pm) 102X vertical resolution not 
to scale amongst images. 
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1.1.2.5. Microknurled Surface 
Bourassa et aL, prepared patterned and controlled macrotextured surfaces for 
Osseointegration.18 Microknurling plastically deforms the underlying substrate to 
produce an undercut surface capable of resisting shear and capable of 
transmitting tension to the surrounding bone. Although developed as an 
alternative to sintered coatings, microknurled implants suffer a reduction in 
fatigue strength resulting from the notch sensitivity of titanium.17 
1.1.2.6. Laser Etching 
Specific microtextured surfaces have been produced with a laser. Although not 
evaluated for orthopedic applications, Matsuda et al. 51 precisely fabricated a 
variety of pore sizes and spacings in polyurethane tubing. Laser etching is 
commonplace in the orthopedie industry as a means of implant marking.77 This 
technology may ho Id immediate promise for precise fabrication of implant 
surfaces in future investigations to determine the roles of various roughness 
parameters (Table 1.1) in tissue response. Laser etching technology wou Id 
enable investigators to manipulate and investigate the causative effects of 
specific parameters independently. Achieving such specifie control is difficult with 
conventional blasting or etching techniques. For example, an investigation to 
explore the effects of subtle changes in surface texture on ceU activity may 
evaluate a variety of surfaces with different peak spacing but identical Ra. (this 
assumes that laser etching would not appreciably alter the surface chemistry of 
titanium) 
1.1.2.7. Surfaces created by casting 
Two of the original porous hip prostheses, the Judet and Lord stems, were 
created by casting techniques, but these femoral stems are no longer used. 
Recently, however, advances in casting materials and manufacturing techniques, 
namely computer assisted design and manufacturing, have spurred new interest 
in developing surfaces with predetermined three dimensional geometry and 
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controlled porosity. Referred to by Melican et al.53 as three dimensional printing, 
canine trials with this new surface have demonstrated bone ingrowth and 
interface shear strength comparable to porous surfaces. 
1.1.2.8. Calcium phosphate coatings 
Hydroxyapatite (HA) and tricalcium phosphate are weil tolerated, materials used 
as coatings (50-170 ~m thick) on the bone contacting surfaces of cementless 
implants to enhance initial bone formation. HA is a ceramic of calcium and 
phosphorous having a molecular ratio of 1.67. In canines, HA coatings have 
demonstrated the ability to induce bone formation over large (2-3 mm) gaps 
between implant and bone.64 ,67,68 HA coatings applied to femoral implants are 
believed to decrease the likelihood of fibrous tissue formation by promoting rapid 
bone development onto the implant surface.65,66 However, the long term benefit 
of HA coated implants has yet to be characterized.62,74 
Hydroxyapatite is also commonly applied by the plasma spray method.70 To 
increase the bonding strength between coating and substrate, HA is usually 
sprayed onto grit blasted (GB) surfaces. The resulting surface has an irregular 
structure and an Ra of 3-8 ~m.47,64,75 Alternatively, sintering techniques have 
been employed to produce finely textured HA surfaces with average roughnesses 
less than 1 !lm. 
1.1.2.9. Acid etched (AE) 
Microtextured surfaces can be created by subjecting the implant surface to 
corrosive conditions. Acid etching (AE) of implants is usually carried out with 
sulfuric (H2S04) and hydrochloric (HCI) acid at elevated temperatures of 125°C 
for a short (five minute) duration. Additionally, hydroflouric (HF) and nitric acid 
- 16-
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(HN03) have also been used as etching agents. A roughened surface 
topography is created by removing a portion of the metallic grains whose 
boundaries are not continuous at the implant surface. In animal models, acid 
etched surfaces have demonstrated a substantial amount of bone apposition. 
Unfortunately, little work has been done to characterize the effects of reagent, 
temperature and etch time on the resulting surface topography of the Ti6AI4V 
alloy. However, Wong et al.,75 described acid etched surfaces for 
osseointegration with fine Ra values averaging 1-2 /lm. Acid etched surfaces 
present a different morphology than those surfaces obtained by grit blasting. 
Upon inspection, acid etched surfaces present closer peak spacing and sharper 
peaks than grit blasted specimens of similar Ra values. Acid etching has been 
used in conjunction with grit blasting to create surfaces that possess a fine 
texture resulting from etching superimposed on a coarser texture arising from grit 
blasting. Enhanced fixation of a dual textured surface may benefit from an 
increased surface area for bone attachment, an idealized surface topography for 
cellular response, and an increase in the interface shear strength arising from an 
increase in the number of undercuts or surface irregularities for bone integration. 
1.1.2.10. Grit Blasted (GB) 
Bombarding metallic surfaces with small hard particles traveling in a high velocity 
stream of either air or water produces surfaces with an irregular texture. Grit 
blasting is a process commonly known as sandblasting. Many agents, alumina 
oxide (Ab03), silica, steel shot and hard organics (nut shells and corn kernels) 
have been used as the blast particle; however, in biomedical applications alumina 
oxide prevails. In orthopaedic and dental applications, titanium is the substrate of 
choice due to its ease of texturization (corundumization) and proven 
biocompatibility. Osseointegration of GB surfaces has been reported in both 
animal studies and human retrievals. The low production cost, lack of deleterious 
heat treatments, minimal risk of substrate debonding and ease of manufacture 
-17 -
Chapter 1 - Introduction 18 
are some advantages of producing cementless implants with grit blasted 
surfaces. Surface texture is a result of both plastic deformation and material 
removal. Topography can be controlled by varying the energy or size of the 
incident particle. Typically, particle size is varied and ranges from millimeter 
(coarse) to micrometer (fine) sized particles. Blast pressure and substrate have 
significant effects on the overall surface characteristics. Particle size is often 
referred to by grit number, the number of particles covering a known area. For 
the sake of clarity, particle size (and hence surface roughness) increases as the 
corresponding grit number decreases. The grit blasting process typically 
produces surfaces with an average roughness (Ra) of 0.5 to 10 !lm. 
1.2 Summary 
Joint replacement surgery is a successful and widespread form of treatment for 
joint disorders involving loss or degradation of articular cartilage. The longevity of 
any joint replacement is due in large part to the maintenance of implant stability in 
situ. Cement and biologie fixation are two options for implant fixation. There are 
several means to achieve stable biologie fixation. Fixation may be achieved 
through the use of porous coated implants (bone ingrowth) or surface textured 
implants (bone ongrowth). 
- 18-
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2. Introduction to Literature Review 
During the past 2 decades, advances in the development of noncemented hip 
implants and surgical techniques have rendered noncemented total hip 
arthroplastya highly successful procedure.27,91,104,167,244,245,291 However, there is a 
persistent research focus on the reliability or rate and extent of osseointegration 
(defined as the direct apposition of bone, resolved at the light microscope level) 
because osseointegration is not always reproducible and stable fixation of the 
implant is not always achieved.64,67,68 This particularly is true in revision surgery 
where bone stock and healing potential often are compromised. Fixation failure 
often may be related to issues such as the general implant design, the surgical 
technique, initial implant stability, and the disease process.92,105,184 
Osseointegration is a result of the interaction between bone and the topography 
and chemistry of the implant surface at a very local, microscopic javel. These 
parameters are crucial to implant design yet their relative contributions to bone 
formation and ultimately osseointegration are not weil understood. As a result, 
two apparently contradictory methods for increasing osseointegration are 
widespread in application: the application of coatings that are chemically similar 
to the minerai phase of bone and structuring of the implant surface to achieve a 
rough, irregular surface. 
One approach to increase the likelihood of osseointegration has been to coat 
implant surfaces with various formulations of calcium phosphate. 17,80,199 These 
coatings typically are either of HA or tricalcium phosphate or a combination of 
both HA and tricalcium phosphate and are believed to be bioactive in that they 
possess a finite dissolution rate and serve as a supplementary source of calcium 
and phosphorous for incorporation into ossifying bone in the immediate peri-
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implant environment. 224 The compositional or chemical similarity of HA to bone 
generally is accepted as the most suitable expia nation for its biocompatibility and 
osteoconductive properties,115,117 although this remains to be proven, 
The use of surface topography (microtexture) instead of surface chemistry is a 
completely different approach to encourage bone apposition. Unlike HA-coated 
implants where the coating is prone to dissolution 14,65,212, microtextured titanium 
implants present chemically stable, bioinert surfaces of titanium oxide (Ti02) to 
the peri-implant environ ment. Implants with microtextured surfaces, such as 
those created by grit blasting (GB) ("sand blasting" with AI20 3 as the abrasive 
particulate), possess irregular surface features on the order of only several 
micrometers and as such are very different from porous implant coatings with 
pore openings of several hundred micrometers.29,115,117,125,272,282 Despite their 
limited potential for mechanical interlock with new bone compared with porous 
coatings designed for "bone ingrowth", these microtextured implants have been 
shown both experimentally and clinically (under the right conditions of stability) to 
become osseointegrated and rigidly fixed by bone apposition or 
ongrowth.120, 121,179,180,219,246,247,274,291 
Interestingly, with both functional and nonfunctional implants, the in vivo 
response to GB titanium surfaces is remarkably similar to that which occurs with 
HA coated implants.46,51,52,70,88,97,109,120,121,128,179,180,219,227,246,247,274,291 Although the 
topographies of these metallic and ceramic surfaces are similar, the surface 
chemistries are different. Both surfaces types can enhance osteoconduction, 
bone formation along the implant surface in the form of a thin neocortex, and 
promote the filling of substantial gaps (Figure 2.1) between implant and 
bone.125,242,243 
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Figure 2.1 High resolution contact radiograph of A) non implanted distal femoral section and 
B) bone response bridging gaps in excess of 5mm to a textured Ti implant 
34 
The observed osseous response to the two chemically different and 
topographically similar surfaces raises the provocative question of which factor, 
surface chemistry or surface topography, is more important for the stimulation 
and regulation of bone formation at the HA-bone interface? This question is 
prompted by three observations: 
1. The surface roughness (Ra) of GB Ti and plasma sprayed HA are very 
similar. 
2. A similar osseous response to both GB Ti and plasma sprayed HA that 
includes gap bridging and osteoconduction. 
3. In vivo comparisons of identical titanium substrates differing only in 
surface roughness, smooth (polished) vs. rough (GB), placed in an 
osseous environ ment repeatedly demonstrate that rough surfaces become 
osseointegrated whereas polished surfaces do not. 
- 34-
Chapter 2 - Literature Review 35 
The first observation is that the surface roughness of GB titanium implants and 
HA plasma-sprayed coatings is quite similar (Figures 2.2 & 2.3). Surface texture 
can be expressed by different parameters su ch as S (periodicity of the peaks and 
valleys) or Rz (mean size of the five highest peaks), but is most commonly 
quantified and expressed in terms of the parameter Ra, the average departure 
from the centerline between the surface peaks and valleys. Plasma-sprayed HA 
coatings generally possess a surface roughness of Ra = 3 to 8 )lm and GB 
titanium implants used in total hip arthroplasty (THA) generally possess an Ra in 
the range of 3 to 6 )lm.114,118,121,125,128,211,282 
Figure 2.2 Scanning electron microscope images of A) grit blasted surface and B) HA coated 
surface SEM 1000X. Similarities in the magnitude of roughness between the surfaces are 
apparent. 
The second observation is that a positive or osteoconductive tissue response 
has been described in the context of GB titanium implants and plasma-sprayed 
HA coatings. Interestingly, severallong term studies have not been able to show 
a difference in response to microtextured implant surfaces with and without HA 
coating.108,227,276 Figure 2.4 is an image of the bone apposition at GB titanium and 
HA coated implant surfaces. 
The third observation is that surface topography alone has a profound effect on 
osteoblast activity and bone formation. Comparisons of identical titanium 
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substrates differing only in surface roughness (Ra) have shown predictable and 
significantly different effects on osteoblast behavior in in vitro and in vivo studies 
(Figure 2.5}.122,125,273,282 
A B 
Figure 2.3 Optical profilometry scans of A) Grit blasted titanium (Ra = 3.02Ilm), B) Plasma 
sprayed hydroxyapatite (Ra = 2.46Ilm), 102X vertical resolution not to scale amongst images. 
A B 
Figure 2.4 Backscatfered scanning electron microscope images of the bone - implant 
interfaces. Metal is white and Bone is dark grey. A) Textured titanium implant surface. B) 
Hydroxyapatite coated implant (HA is light grey band between implant and bone). BSEM 
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ln vitro studies have shown that smooth surfaces (Ra < 0.5 ~m) do not stimulate 
osteoblast activity characteristic of bone formation; however, osteoblasts are 
responsive to surfaces with an Ra ranging from approximately 1 to 7 ~m.79.273.282 
Osteoblasts cultured on surfaces with an Ra ranging from 1 to 7 ~m have 
increased adherence, induction of metabolic activity, and the release of pote nt 
osteoinductive extracellular factors such as PG-E2 and TGF 111.36,187,188,204 
Grossner-Schreiber et al122 showed that avian osteoblasts formed calcified 
nodules on GB titanium surfaces with an Ra of 1.5 ~m and not on polished 
surfaces with an Ra of 0.30 ~m. 
This effect of surface topography on osteoblast activity has been observed with 
HA coated implants as weil. Keller et al compared three osteoceramic 
(TriCP:MgAb04 = 1:1) materials with topographies described as smooth, etched 
and as-fired. At analysis, the roughest (etched) surface had the greatest number 
of attached osteoblasts, an indicator of its osteophylic properties.155 
Figure 2.5 Backscattered scanning electron microscope image of the bone - implant interface 
of a grit blasted titanium femoral implant. Metal is white and Bone is dari< grey. 
Osteoconduction is evident as a thin layer of bone encasing the implant surface. 
Osteoconduction is greater on finer surfaces. BSEM 50X. 
These in vitro studies have been corroborated by numerous in vivo and clinical 
studies showing that new bone forms on implant surfaces with an Ra of 1.1 to 6.7 
~m.25,41,54,69,91,109,120,125,148,154,180,246 When placed in an osseous environment, 
stable implants with an Ra less than 0.5 ~m are generally apposed by fibrous 
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tissue. Fibrous tissue atlachment may stabilize an implant, however it often 
results in a less rigid fixation which is not considered an optimal outcome in joint 
replacement. 109,120,128,256,282 Above this half micrometer threshold, surface 
microtexture stimulates a response that culminates in some degree of 
osseointegration. 
Surface topography also modulates both the rate and pattern of bone formation. 
Feighan et al. 109 and Wennerberg et al. 273, ail have shown that the rate of bone 
apposition to finer textured surfaces is greater for early Ume periods when 
compared to that for rougher textures. In a canine total hip arthroplasty model, 
Hacking et al125 showed that surface texture influences the mean contact length 
of bone formation at the implant surface. 
The use of joint replacement implants with HA coated or GB titanium surfaces are 
prevalent worldwide; however, there has been little work that reconciles their 
generally accepted but contradictory mechanisms of osseointegration. It would 
seem essential to implant design to resolve the relative contributions of surface 
chemistry and surface topography to the osseointegration of HA coated implants. 
There are also practical arguments for clearly distinguishing between these 
design parameters. Unlike sintered coatings, GB surfaces do not require heat 
treatments for bonding a coating to the substrate, thus eliminating issues related 
to local or bulk deleterious effects of heat treating on the implant. Because GB 
surfaces are contiguous with the substrate, there is no risk of particle de-bonding 
or coating dissolution that could cause loss of implant fixation or loose bodies that 
could damage the articulating surfaces and accelerate wear. 15,16,18,124,176,199 
Given the increasingly cost-conscious climate of today's healthcare system, it 
also is notable that microtextured implants can generally be manufactured at 
substantially reduced cost compared with porous or HA coated devices. 
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2.1. The cellular perspective 
From a cellular perspective, many porous and plasma spray implant coatings 
possess surface structures 10-30 times the size of an osteoblast. In contrast, 
acid etched, GB or HA coated surfaces present surface structures comparable in 
magnitude to the size of an osteoblast. [Within the scope of this thesis it is helpful 
to define surfaces based on the 20-30 !lm diameter of an osteoblast cell.] A 
classification system is hereby presented to differentiate between surfaces with 
macro and micro structures (Fig. 2.6) based upon the relative size of the cell and 
the surface features. Since surface structures will be designed for different tissue 
cells, the absolute criteria for classification as micro or macrotexture will change 
slightly. For osseointegrated devices, the osteoblast cell will establish the 
benchmark for surface classification. The primary surface structure is the 
topographical characteristics of any surface with the greatest magnitude and can 
be classified as possessing either a micro or macro texture. Any surface with a 
macrotexture possesses an average peak to valley height, (Rz), greater than the 
cell diameter. Any surface with a microtexture possesses an average peak to 
valley height less than the cell diameter. The secondary surface structure is 
the surface roughness, that, if present, is much smaller than and hence 
superimposed upon the primary surface texture. 
Primary 
structure 
Macrotexture 
Secondary surface 
structure 
Microtexture 
Figure 2.6 Surface possessing both primary and secondary surface structures Primary surfaces 
and secondary surface structures possess macrotexture and microtexture respective/y. (/nset) 
Depiction of secondary surface structure superimposed on primary surface. Surface structure is 
defined in reference to cell size, dimensions are not stated. 
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2.2. Extra cellular conditioning of biomaterials 
2.2.1. Titanium 
It is generally accepted that the biocompatibility of titanium (Ti) arises from its 
oxide layer.106,135,142,152,172,173,254,267,289 Upon exposure to air, the titanium surface 
oxidizes rapidly to form a consistent, corrosion resistant and stable oxide layer 
comprised of Ti204, Ti03 and Ti02, the latter being most prevalent.150-152 
Figure 2.7 Possible mechanism of cel/ adhesion to rough titanium al/oy surfaces. Osteoblast is 
never in direct contact with Titanium substrate. 
The Ti02 (oxide) layer is a surface that protein readily binds 
tO. 106,135,142,152,172,173,254,267,289 The specifie mechanisms of cel! adhesion to Ti02 
are not weil understood229, but may be described as follows (Fig. 2.7). Ce Ils do 
not adhere directly to the oxide layer but instead bond to intermediaries: serum 
protein, ions, proteoglycans, adsorbed water and fibronectin. 136,149 Macro-
molecules (proteoglycans) and water molecules form a 20 nm thick130,149 layer 
referred to as the ground substance. The ground substance is bound by 
hydrogen bonds to the titanium oxide layer which is 3-5 nm thick. 103,149-152 
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Osteoblasts are bound by integrins to the ground substance. Integrins, 
specifically fibronectin, join the cell to the hydrophilic and now conditioned 
implant surface.50,123,136,159,161,164,175,205,229,233,238 Among these blood proteins, 
fibronectin seems to be particularly important. Specifie receptors for fibronectin 
have been identified on the osteoblast.123.147.229.233 It is the intermediate layer of 
protein bound to the Ti02 layer that is responsible for the initial attachment and 
growth of osteoblast-like cells. 
2.2.2. Hydroxyapatite 
Like Titanium, HA coatings are also conditioned by components of the 
extracellular f1uid as described by numerous authors.103.116.182.198,200,264.270.271 
Proteins, including fibronectin, bind to the HA surface which in turn provide a 
suitable surface for the attachment and growth of osteoblast-Iike cells. 
2.2.3. Tissue Culture Plastic 
Polystyrene has been a preferred material for cell culture for the past 30 years. 
However, polystyrene is a hydrophobie polymer which is not conducive to protein 
adhesion. Surface treatments such as corona discharge, gas-plasma and 
irradiation generally impart a negative charge on the Tep surface and increase 
the amount of protein that can be adsorbed.5,160,225 Like Ti and HA surfaces, the 
Tep surface is also conditioned by proteins such as fibronectin which facilitate 
osteoblast attachment.6,59,77.103.123,160,226.231.264 
It is worth noting that while each of the three surfaces are unique chemically, they 
each bind fibronectin. In this case of Ti and Tep this may be a result of the bulk 
surface charge where a strong correlation exists between surface charge and the 
ability to bind fibronectin.77.239.260 Others have suspected that changes in the 
composition of the Ti oxide layer that increase surface charge may also increase 
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the amount of bound fibronectin267,283 and ultimately bone formation. 135,158,170,172 
There is no doubt that HA also binds fibronectin however the method remains 
unclear.206 
Under appropriate conditions, biomaterials that are readily conditioned by blood 
proteins, including fibronectin, are more likely to become osseointegrated. 
However, since the conditioned protein layer prevents any direct interaction 
between the osteoblast and the substrate it is quite likely that the Ti, HA and Tep 
substrates are ail similar, if not the same to the osteoblast. Once this requisite 
conditioned layer has been formed, just how important is surface chemistry ? 
- 42-
Chapter 2 - Uterature Review 43 
2.3. In vitro Models of Osteoblast Mineralization 
The potential for osseointegration of a biomaterial can be determined by culturing 
osteoblast, pre- osteoblast or osteoblast-like cells on the surface of a 
representative sample. The nature of the biochemical processes occurring can 
be determined from assays of supernatant collected from the ce" culture, the 
ce"s themselves or chemical or electron beam analysis of material deposited 
onto the substrata. Benchmarks such as protein, mRNA, cytokines and growth 
factors are involved in the development of new bone and as su ch are used to 
characterize ce" activity. Transmission electron microscopy is often used to 
characterize crystalline structures of mineralized deposits. Scanning electron 
microscopy and Iight microscopy elucidate the morphological characteristics of 
the cell and extracellular matrix. Infrared spectroscopy provides information 
about the chemical composition of organic phases and their respective molecular 
bonds. Finally, x-ray photoemission spectroscopy provides information pertaining 
to the chemical constitution of inorganic phases. 
The wide-reaching genetic control over cel! Iines and rapid experimental results 
are strong advantages of cel! culture studies with biomaterials. While some 
proponents question the accuracy and relevance of cell culture studies to in vivo 
conditions, numerous studies have shown a strong correlation between the 
performance of biomaterials in vitro and in vivo. Recent work by Und et al. 178 has 
confirmed that transforming growth factor B-1 (TGF B-1) increases bone healing 
around gap defects providing a direct correspondence between in vitro and in 
vivo studies of osseointegration. Bone morphogenetic protein (BMP)286, isolated 
from in vitro studies, has been similarly linked to new bone formation. 
The benefits of using in vitro systems for the primary evaluation of the osseous 
response to biomaterials includes an accelerated experimental cycle, simplified 
evaluation of the biochemical and genetic processes, greater genetic 
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consistency, reduced experimental cost and animal trauma and overall, a greater 
degree of variable isolation. 
The formation of a mineralized matrix in vitro was suspected by Boyde et a1.39,40 
in the late 70's. In the early 80's Ecarot-Charrier et al.100,101 described a murine 
(calvarial) culture system that produced a mineralized matrix in vitro. A brief 
survey of the literature indicates that many different culture systems 166 have been 
utilized to study osteoblast activity. Ce Ils have been harvested from many 
species including bovine,72,287 avaian,162 murine,100 rat2°3,213 and 
human140,174,181,192 to culture osteoblast or osteoblast-like cells. 
Figure 2.8 Bone nodule formed in 14-day implants of MC3T3-E1 ce/ls. Section was 3Jlm thick, 
undecalcified. 200X Von Kossa - toludine blue 
ln addition a number of other "osteoblast-like" cell lines exist in the literature 
however only a few of these form a mineralized matrix in vitro that is 
physiologically similar to that formed in vivo (Figure 2.8). Among these are the 
murine cellline, MC3T3_E1 19,112,146,186,189,223 and the human cellline, TF_274.222 
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While mineralization may be considered the ultimate marker of osteoblast 
differentiation, it is not always reliable as the sole marker in vitro33 . The addition 
of inorganic phosphate to the culture media combined with fluctuations in pH may 
cause calcium phosphate precipitation which can be mistaken for physiologie 
mineralization. As a result, it is generally preferred that assays of bone minerai, 
gene expression and histologie analysis are combined to determine if the 
mineralization observed is actually physiologie in nature.112 Scanning electron 
micrographs of bone mineralization reveal calcified nodules in close apposition to 
collagen fibrils of the implant surface. 
Osteoblasts exhibit a temporal expression of markers indicative of differentiation 
and mineralization (Figure 2.9) in vitro. 8-10,21,49,208,220,250 Osteoblasts first grow to 
confluence and form multi-Iayers on the biomaterial surface. This is followed by 
collagen secretion and finally mineralization. Osteoblast growth is indicated by 
the expression of c-fos and alkaline phosphatase and proliferation can be 
quantified by measuring the change in DNA content.141 Collagen production 
follows proliferation, identified by the production of type-1 collagen. As 
differentiation progresses, osteocalcin is expressed and increases with 
mineralization.223,251 ,288 
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The conditions and culture systems under which mineralization occurs in vitro 
have been selected based on the tools and techniques available. For example, 
the culture surface of choice for the last three decades has been glass or tissue 
culture plastic, which it is important to note has a very smooth surface, that is 
generally not associated with mineralization in vivo 109,120,128,256,282. As a result, 
many osteoblast and osteoblast-like culture systems may have been 
inadvertently selected that mineralize or express markers of osteoblastic 
differentiation preferentially on smooth surfaces. 
It is of fundamental importance to recognize that the mineralizing response of 
culture systems to smooth culture surfaces (Ra « 0.5 !lm) is opposite to the 
observed physiologie response that occurs in vivo. In experiments where surface 
texture is the subject of interest, these mineralizing culture systems may not be 
responsive to surface texture or may respond in a manner that limits their utility or 
confounds experimental findings. 
2.4. Osteoblast response to surface chemistry 
Compared with HA and TriCP, Ti has been used more frequently in experiments 
where surface chemistry is the experimental variable. The preference towards Ti 
may be that HA and TriCP are quite sensitive to chemical changes or that 
changes in chemistry are more difficult to achieve. 
Various techniques exist to alter the surface chemistry and properties of the Ti 
oxide layer. These include nitric acid passivation,48 heat treatments,135 hydrogen 
peroxide,207 ultraviolet light, ethylene oxide & argon plasma-cleaning,249 radio-
frequency glow discharge,153 ion beam enhanced deposition,202 treatment in alkali 
solution and steam sterilization. 12 Since the oxide layer of Ti is generally 10-30 
nm thick these techniques provide a means to alter Ti surface chemistry without 
appreciably altering surface topography. 
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It was suggested by Martin et al. 188 that differences in surface roughness may 
affect the thickness of the Ti oxide layer thus increasing the amount of bound 
fibronectin which may increase osteoblast adhesion. The authors found that the 
oxide layer averaged 10 nm on the smooth samples up to 30 nm on rough 
samples. However, since the cell-oxide interaction is limited to the first few 
atomic layers 149, it seems likely that little effect would result from differences in 
oxide layer thickness. To this end, Walivaara et al.267 investigated the adsorption 
of albumin and fibrinogen from human blood plasma onto titanium surfaces with 
varying oxide properties including those treated by radio frequency plasma. 
Walivaara found that titanium oxide thickness had no influence on protein 
adsorption. 
ln an in vitro study, Keller et al. 156 determined that the osteoblast response to 
titanium is also not dependent upon oxide layer thickness. A thorough surface 
analysis of commercially pure titanium (c.p. Ti) and titanium alloy disks with 
matched surface topography revealed no difference amongst wetting angles and 
carbon, oxygen and nitrogen adsorption. There was, however, nearlya three fold 
difference in oxide layer thickness between c.p. Ti (3.2 ±0.8 nm) and titanium 
alloy (8.3 ±1.2 nm). 
Osteoblasts were cultured on GB (Ra=0.7/0.9 Ilm), sanded (Ra=0.1/0.2 Ilm) and 
polished (Ra=0.04/0.03 Ilm) disks of both Ti-6AI-4V and c.p.Ti. There were no 
significant differences in ceU aUachment at time periods of 15, 30, 60 and 120 
minutes between Ti-6AI-4V or c.p.Ti. However, percent ceU aUachment correlated 
with increasing surface roughness. 
Keller et al. also cultured osteoblasts at ail time periods on TCP. Osteoblast 
attachment was greater to TCP than the rough titanium surfaces at 15 and 30 
minutes but was not significantly different at 60 and 120 minutes. 
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These studies suggest that a certain surface energy or "state" is necessary for 
osteoblast atlachment. TCP is such an example where surface modification has 
transformed a poorly suited material for proteinand ceU attachment into one that 
works very weil. Osteoblasts preferentiaUy atlach to a variety of surfaces that 
demonstrate an ability to influence protein (fibronectin) attachment. Perhaps a 
certain threshold of fibronectin or other bound protein density is required on the 
implant surface beyond which no positive long term benefit is observed. 
2.5. Osteoblast response to surface texture 
AU ceUs are exposed to sorne type of 
topographical environ ment. CeU-ceU 
interactions, the extraceUular matrix and 
biomaterials aU present a surface to the 
cell that is definable and quantifiable in 
terms of chemistry and topography. 
Surface topography has been shown to 
affect ceU motility, ceU orientation, ceU 
adhesion and cell shape.76 Figure 2.11 Nerve cells aligned on 
grooved substrata.(From Clark et al.) 
Fibroblasts, osteoblasts, macrophages, epithelial ceUs, neuronal ceUs, and 
various ceU lines have demonstrated a reproducible response to surface texture 
that is generaUy unique for each cell type.22.43,83,110,145,193,232,266,280 Epithelial ceUs 
and fibroblasts are differentiaUy affected by micromachined grooves.60-62,75,79 
Epithelial ceUs will not migrate across grooved substrata of depths greater than 2 
~m whereas fibroblasts wiI1.36,38,60 ln figure 2.11 nerve cells are aligned by and 
migrate along surfaces of varying roughness.61 
Perhaps the most convincing demonstration of the effect of surface topography 
versus surface chemistry on cell behavior is the work of Curtis et al.75 Curtis 
- 49-
Chapter 2 - Literature Review 50 
showed that cells were responsive to both chemical and topographical patterns. 
However, when both chemical and topographical stimuli were combined on the 
same surface with both opposed to each other at 90 0 , nanometer-sized 
topographical patterns overrode cellular influences arising from the chemical 
patterning. They coined the term "topographic reaction" to describe these events. 
Surface topography is at the forefront of thought as new advances are made in 
tissue engineering. The ability of a cell to attach, migrate, differentiate and 
proliferate on a substrate or scaffold is of great importance. Concerning 
orthopaedics, if one considers the implant surface a tissue engineering interface, 
micro-topographies present an exciting frontier for new work.78,83-85 
It is weil known from in vivo studies that implant surface topography influences 
peri-implant tissue in an osseous environment. Under stable conditions in the 
femoral canal, smooth Ti surfaces (Ra < 0.5 um) are generally apposed by 
fibrous tissue whereas rough Ti surfaces (Ra> 1.0um) are generally apposed by 
osseous tissue.28,109,113, 120, 128, 157,165,171,191,217-219,221,236,256,263,272,275,282 Surface 
topography has a differential effect on the proliferation of different cell types. 
Fibroblasts proliferate best on smooth surfaces and osteoblasts adhere and 
proliferate better on rough su rfaces. 34,45,57 ln an in vivo environ ment containing 
bone marrow, both cell types and their precursors exist. Perhaps the observed 
response to smooth and rough surface texture is merely a function of the growth 
of one cell type exceeding that of another. 
Among HA, Ti and TCP, Ti has been utilized the most frequently in studies where 
surface topography is the experimental variable. Ti surfaces of varying 
topography and extremely similar, if not identical, surface chemistry can easily be 
prepared. Producing HA surfaces of varying topography are difficult if not 
impossible to achieve because the surface topography and (potentially) chemistry 
are a direct consequence of the plasma spray manufacturing method. HA 
coatings are produced by injecting small particles of HA powder through a high 
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temperature plasma flame. The molten HA impacts the implant surface and 
produces a thin, dense layer that has a "splattered" appearance. As a result, one 
cannot simply fabricate a smooth plasma sprayed HA surface. TCP can be 
textured by blasting with media, however disrupting the surface most likely 
disrupts the surface processing that transforms TCP from a hydrophobic to a 
hydrophilic surface. 
Studies comparing the growth of osteoblast precursors on rough surfaces of Ti 
and HA have reported a temporal expression8,100,101,166,185 of osteoblastic markers 
indicative of osteoblast differentiation.197,201,234,235 The ultimate marker of 
osteoblast differentiation is calcified tissue. Osteocalcin is often probed as an 
adjunct indicator to ensure that this calcified tissue has sorne physiologic 
resemblance and is not merely precipitation of CaP complexes. While surface 
roughness modulates osteoblastic proliferation, studies of pre-osteoblastic 
cultures have shown that surface roughness also stimulates osteoblast 
differentiation. It is unknown if this affects precursors further up the differentiation 
line prior to the pre-osteoblast state. 
It is weil documented that pre-osteoblast cells proliferate and then differentiate to 
become osteoblasts or osteoblast-like cells on rough Ti surfaces, however little 
information is available with HA or TCP. One study exists in the literature that 
compared osteoblast gene expression on smooth and varying roughnesses of 
TCP. Hatano et al.131 cultured immature osteogenic cells derived from fetal rat 
calvariae on rough-surfaced substrates of TCP. The proliferation and gene 
expression of alkaline phosphatase (ALP) and osteocalcin of the calvarial cells 
increased on the rough-surfaced coyer strips. These levels increased in 
response to the increase in the degree of surface roughness (up to Ra =0.8 llm) 
and then decreased to the level observed for the smooth surface. These results 
demonstrate that the surface roughness itself modulates osteoblastic proliferation 
and differentiation in vitro. 
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Studies comparing osteoblast differentiation on smooth and rough HA surfaces 
are difficult to conduct since the characteristics of the HA surface are a function 
of the manufacturing process. Two techniques have been employed to study the 
effect of HA surface topography on osteoblast behavior. 
Deligianni et al. 93 compressed and sintered HA into disks and generated varying 
degrees of surface roughness by abrasive sanding. While this was not ideal 
rough surface, it is one "approximate" approach to compare HA surfaces of 
varying roughness. Similar to in vitro studies with Ti surfaces of varying 
roughness, Deligianni found that osteoblast proliferation was inversely related to 
surface roughness. Unfortunately, Deligianni did not measure any markers of 
osteoblast differentiation. 
Lu formed surfaces of HA and Ti with identical striated structures. Surfaces were 
fabricated on silicon wafers with different groove widths (4, 8, 16, 24, 30, and 38 
/lm) and different groove depths (2, 4, and 10 /lm). Thin Ti and HA films were 
coated on the surfaces by radio-frequency magnetron sputtering and human 
osteoblast-like cells were seeded and cultured on the microgrooved surfaces for 
up to 7 days. Orientation angle and cell morphology were quantified. The contact 
guidance and cell shape changes were observed on the HA and Ti microgrooves. 
No difference in the orientation angle between HA and Ti surface was found 
however cell shape differed between the two surfaces. 
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2.6. Experimental control of Chemistry and Topography 
Biomaterial evaluation is becoming increasingly more complex as new 
manufacturing techniques90,139, materials4, 13,31,44,55,82, 119, 138, 168,230, 
coatings44,163,195, methods of analysis23,73,96,240,251 and devices20,81 are developed. 
The long-term success of any implantable device depends in part upon its 
interaction with the host tissue. In many cases, a beUer understanding of the 
tissue-implant interaction is fundamental to improving implant function or 
performance. As a result, the relationship between the implant substrate and the 
peri-implant environ ment is a subject of great interest. 
ln such investigations, it is important to recognize that subtle changes in 
biomaterial surface morphology can have profound effects on peri-implant tissue 
formation58,60-62,74,75,79, 111,154,157,177,216,269,278,279,290 or 
cellular1,2,23,24,35,60,74,89,94,95,99,154,215,236,255 response. These responses to surface 
topography, or more precisely, surface morphology, need to be dissociated from 
other factors, su ch as local surface chemistry to determine the causes of and 
potentially optimize the ensuing tissue response. As a result, experimental 
controls must not just approximate surface morphology, but match it exactly, 
since subtle changes in surface morphology have the potential to confound 
experimental findings. 
However, it may not be practical or even possible to produce an exact 
morphological control from a different biomaterial. This approach can be 
particularly problematic in cases where the surface morphology is 
complex26,31 ,62,63,75,98 or is a consequence of the manufacturing 
process.26,26,31,31,62,62,63,63,75,75,98,125,282,285 One solution is to produce a control by 
coating the surface of interest with a thin film that is dense, durable, homogenous 
and does not alter the surface morphology. This very thin layer masks the 
underlying surface chemistry. To be truly useful, the film must also be practical to 
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apply and the ideal result of the application of the thin film would be a change 
only in the surface chemistry of the coated component. 
There are a variety of thin film deposition techniques collectively referred to as 
physical vapor de position (PVD): OC and RF magnetron sputtering 143,144,259,262,281, 
electron beam (E-Beam) evaporation202,214,289, cathodic arc and thermal 
evaporation. Medical applications of PVD coatings include wear resistant 
coatings7,194,228,252,268,277 or biocompatible coatings7,11,31,32,107,126,134,190,196,265 for 
medical devices. While other coating methods exist, PVD has the advantage of 
being a viable process at lower temperatures in a relatively inert environment.248 
ln the PVD process, an ionized gas (e.g. At), strikes a target (cathode) and 
releases the source material which travels across a vacuum and condenses on 
the surface to be coated. E-Beam coatings are typically produced at about 
500°C.248 Cathodic arc coatings are typically deposited at temperatures much 
lower than 400°C, and in sorne cases near room temperature.248,258 
Other researchers have used similar techniques such as RF sputtering to 
successfully produce thin Ti films for biomedical evaluation.3,37,129,162,194,237 Thin 
TiO, TiN and C films have also been successfully applied to mask the underlying 
chemistry to prevent corrosion or ion release from CoCr alloy 
surfaces. 137,169,214,277 
Boyan et al.37 developed a model to study the bone / material interface. Rat 
marrow was cultured on TCP surfaces sputter-coated with Ti or AL20 3. This 
study compared the growth of costochondral chondrocytes on relatively smooth 
surfaèes. This study may be weil suited to the growth of chondrocytes but it is not 
a suitable model for osseointegration since the smooth surfaces (like TCP) are do 
not stimulate bone formation in vivo. 
Hambleton et al. 129 extended Boyan's work again using chondrocytes. Culture 
surfaces were sputter-coated with ultrathin films of titanium, titanium dioxide, 
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aluminum oxide, zirconium oxide, and calcium phosphate (1.67:1). Corona-
discharged tissue culture plastic served as the control. Only cells cultured on 
titanium had an appearance similar to that of cells cultured on plastic. Titanium or 
titanium dioxide surfaces had no effect on cell number while it was decreased on 
ail other surfaces. 
Koontz et al. 162 compared the osteoblast response to TCP coated with Ti6AI4V 
(Ti alloy) by thermal evaporation, Ti alloy disks and TCP. Both the polished Ti 
disks (Ra = 262 nm) and the Ti coated TCP (Ra = 4.76 nm) possessed very 
smooth surfaces. Osteoblasts isolated from 16-day chick embryo calvariae were 
cultured on ail surfaces and the measured responses of cell number, alkaline 
phosphatase activity (ALP), 3H-hydroxyproline, and noncollagenous protein were 
not different (p > 0.05) among the control, thin-film, and disk groups. A chemical 
analysis of the thin-film Ti alloy showed that the as-deposited alloy composition 
was Ti11AI-2V as opposed to Ti6AI-4V. 
Albrektsson et al.3 coated polycarbonate implants with a thin layer of either 316 L 
stainless steel or commercially pure titanium by a magnetron sputtering or 
commercially pure titanium by evaporation. The three plug-like implant groups 
were inserted into the rabbit tibial metaphysis and evaluated at three months. 
There were no ultrastructural differences in tissue reactions between the 
magnetron sputtered and evaporated titanium surfaces. 
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2.7. In Vivo Models of Osseointegration 
ln vitro studies offer an excellent means of isolating and controlling the 
overwhelming number of confounding variables that exist in vivo since the 
information acquired in vitro is done so in isolation outside of the physiological 
milieu. Due to the complexity of the in vivo environment and the generally 
simplified nature of in vitro studies, only inferences to the biological performance 
of a biomaterial can be made. Although invasive, animal studies provide valuable 
information that in vitro, or computer models cannot predict with certainty. 
Factors such as the radiographie and scanning electron micrographie appearance 
of the implant-bone interface, bone growth or resorption rates, degree of 
calcification, soft tissue response, and an array of mechanical parameters can 
only be evaluated in vivo. 
Widespread ethical concerns exist regarding the use of animal models that 
restricts their use to experiments where other investigative methods will not 
provide suitable or accu rate information. Animal models are costly, require 
longer study durations and have inherently greater genetic variability than cell 
culture models. 
Non-Ioad bearing animal models are used as an initial attempt to evaluate the 
performance of orthopedie implant materials in vivo. The rabbit model is 
frequently used but the canine model is preferred due to its prevalence in 
published work, similarity in bone structure to humans and rapid rate of bone 
development.102 
Implants are typically placed in either cancellous or cortical bone. Cylindrical 
transcortical implants placed in the diaphysis of the femur are often used to 
evaluate the shear strength of fixation and the relative amount of bone apposition 
to the biomaterial in question (Figure 2.12 8).29,53,56,71,121,210,212,242,263,272 
Cylindrical implants placed in the femoral canal have also been studied in an 
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attempt to better simulate the biologie interface of a femoral hip stem in vivo 
(Figure 2.12 A).66,87,109,120,127,128,132,133 
Interface shear strength is evaluated by measuring the force required to push or 
pull an implant out of host bone.29,30,42,71,86,114,209,241,257,261,275,284 Bone apposition 
can be determined from light microscopy but is more accurately determined from 
backscattered electron microscopy (BSEM).253 Thin sections are eut from the 
implant, analyzed by backscattered scanning electron microscopy and the 
proportion of bone in contact with the implant perimeter is determined. 
Figure 2.12 High resolution contact radiographs of A) Femoral and B) Transcorlical implants 
in the canine femur. 
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2.8. In Vivo comparisons between HA and GB surfaces 
Direct experimental comparisons between GB and HA surfaces are difficult to 
achieve since the topography and morphology of each surface is a consequence 
of its unique manufacturing process. As a result, ln vivo comparisons between 
GB and HA coated implants are not able to precisely control differences in 
surface morphology. While the surface roughness (Ra) may be similar, subtle 
differences may exist in peak spacing (S), sharpness of the peaks, proportion of 
smooth areas and other parameters that are yet to be defined. The inability to 
precisely control surface topography may affect tissue response and ultimately 
the study results. 
ln an 8-year study of 1,202 implants, Wheeler et al.276 found no statistically 
significant differences in survival rates between dental implants that had either 
HA or GB titanium surfaces. Similarly, Evans et al108 found no significant 
difference in the clinical, histologic and radiographic outcomes of load bearing 
dental implants with or without HA coatings. In a matched pair analysis of HA 
coated and titanium plasma sprayed cementless femoral stems, Rothman et al227 
found no clinical or radiographic advantage to the use of HA in primary total hip 
arthroplasty. 
ln long term studies comparing HA and GB surfaces, dissolution of the HA layer 
is a major source of concern. HA coatings are generally applied on top of GB 
surfaces to increase the adhesion of the HA layer. If the HA were to dissolve, 
th en these long term comparisons may in fact be just comparisons between 2 GB 
surfaces. 
ln this regard, a short term 6 month study by Carlsson et al. 52 is quite 
interesting. Carlsson compared bone apposition to HA coated (Ra = 5.1 ± 0.66 
Ilm), smooth (Ra = 0.9 ± 0.01 Ilm) and GB (Ra = 3.1 ± 0.53Ilm) cylindrical Ti 
implants in the tibia of arthritic human knees. Histological analysis revealed a 
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fibrous interface around the smooth implants and bone apposition around the GB 
and HA coated implants. No statistical difference in bone response could be 
determined between the GB or HA coated implants. Carlsson suggested that the 
similar response may have been attributable to the similar surface roughness. 
ln another short term study, Gotfredsen et al.121 investigated the osseous 
response to GB (Ra = 0.61 ± 0.03 ~m), smooth (Ra = 0.31 ± 0.12 ~m), and HA 
(Ra = 1.89 ± 0.15 !lm), coated transcortical implants in the proximal tibial 
metaphysis of the rabbit. Torque removal tests were significantly dependent on 
surface texture (p<0.0001). Most interestingly, removal torques for the HA 
coated and GB implants did not increase significantly between 3 and 12 weeks. 
The authors noted bone growing along the surface of the GB implants away from 
the endosteal cortex, and conclude that GB surfaces have osteoconductive 
properties. 
Buser et al.47 studied the effect of surface roughness on bone apposition to 
different titanium implants in pig cancellous bone. Three implants were inserted 
into the epicondyles of each femur. Of the six surfaces studied, electropolished 
and medium sandblasted with acid etch had the lowest amount of bone 
apposition, 20-25%. Titanium plasma sprayed implants and coarse sandblasted 
had 30-40% bone apposition and coarse sandblasted with acid etch had 50-60% 
bone apposition. Implants coated with HA had bone apposition of 60-70%, but 
the HA showed consistent signs of resorption. The authors concluded that as 
surface roughness increased, so did the extent of the bone-implant interface 
apposed by bone. 
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2.9. In Vivo response to titanium surfaces of varying roughness 
Amongst Ti implants, an irregular surface texture (Ra> 1.0 !lm) stimulates bone 
apposition. Above this micrometer threshold, Ti implants can be prepared with 
surfaces of varying roughness possessing a maximum roughness (Ra) of 7!lm. 
Wong et al.282 studied the effect of surface roughness on the extent of bone 
apposition to titanium implants at 12 weeks in the distal metaphysis of the 
miniature pig knee. Morphometric studies determined the extent of bone 
apposition to each surface and mechanical push out tests determined the bone-
implant interface shear strength. Wong also evaluated the effect of different 
materials, commercially pure titanium (c.p.-Ti), and titanium alloys, Ti-6AI-7Nb 
and Ti-6AI-4V for their effect on bone apposition. Ali three materials were surface 
finished as either fine GB, rough GB or rough GB and etched. As weil a group of 
Ti-6AI-7Nb implants that were rough blasted, etched and coated with HA were 
evaluated. The Ra surface values ranged from 1.2 !lm for the fine GB sample to 
6.4 !lm for the coarse GB sample etched and coated with HA. The investigators 
found an excellent correlation (~ = 0.90) between the surface roughness and the 
strength of mechanical fixation. Furthermore, no significant difference in fixation 
strength due to implant material, excluding the HA coated implant was reported. 
The authors also concluded that extent of bone apposition did not differ 
significantly between the different surface treatment groups or alloys. 
ln contrast to Wong's study, Wennerberg et al. 273 determined that titanium 
surfaces of Ra = 1.11 !lm developed greater amounts of bone apposition at four 
weeks than implants with an Ra = 2.52 !lm. The authors concluded that "a highly 
increased surface roughness compared to a moderately increased one is a short 
term disadvantage for bone tissue." 
Wennerberg also investigated the tissue response to textured screws in the 
cortex of the rabbit femur. Three surfaces were evaluated with Ra's of 1.11 !lm, 
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1.45 Ilm and 2.52 Ilm. At 12 weeks the 1.11 Ilm and 1.45 Ilm implants had 
significantly greater bone apposition and removal torques than the 2.52 Ilm 
implants. 
ln a 6 month THA model Hacking et al. 125 reported that surface roughness also 
affected the length of bone contact at the implant surface. Titanium implants were 
prepared with three GB surfaces of roughnesses Ra = 2.91lm, Ra = 4.21lm and Ra 
= 6.7Ilm. The amount of bone apposition did not vary significantly between 
surfaces, however the contact length did. The mean contact length of the 
roughest surface was half of the other surfaces. 
Feighan et al. 109 evaluated the effect of a range of surface textures on bone-
implant apposition and bone-implant interface strength using a smooth surface 
(Ra = 0.5Ilm), two GB surfaces (Ra = 4.2 & 5.9 Ilm) and one surface created by 
blasting with steel shot (Ra = 5.8 Ilm). At three weeks the 4.2 Ilm surface 
possessed the greatest amount of bone apposition which at 6 and 12 weeks was 
not significantly different from the 5.9 Ilm surface. Both the 4.2 and 5.9 Ilm 
surfaces had greater bone apposition than the surfaces blasted with steel shot. 
ln addition, the pull out strengths of the three roughened surfaces were 6 times 
stronger than the fixation strength of the smooth surfaced implants and 
comparable to the pull out strengths of HA and fibermetal coatings in previous 
studies. 
Luckey et al. 183 evaluated the fixation strength and histological interface of 
transcortical plugs in both cancellous and cortical sites in the hind limb of the 
goat. Plugs had either sintered bead, (250-300 Ilm pore size) plasma spray (Ra = 
625 ~m) or a fine GB surface (Ra = 2 - 4 ~m). At eight weeks the GB plugs had 
an average interface shear strength of 1.05 ± 0.52 MPa in cancellous bone and 
2.20 ± 1.90 MPa in cortical bone, notably less than either the porous coated, 
[5.96 ± 2.36 MPa (cancellous) and 6.86 ± 3.76 MPa (cortical)], or plasma spray 
- 61 -
Chapter 2 - Literature Review 62 
implants [5.50 ± 1.26 MPa (cancellous) and cortical 4.31 ± 3.26 (cortical)]. Bone 
was apposed to approximately 33% of the GB plug surface, however, bone 
apposition was limited only to the bony spot welds in the porous coated and 
plasma spray implants. 
2.10. Titanium oxide layer thickness 
Larsson et al. 171 investigated the effect of titanium oxide layer thickness on the 
amount of bone apposition to threaded implants placed in cortical bone. 
Machined and electropolished surfaces differing in oxide layer thickness and 
oxide topography (not chemical composition) were evaluated. Topographical 
differences were determined by atomic force microscopy and were slight in 
nature. Smooth electropolished implants, regardless of the amount of surface 
oxidation, were apposed by less bone than the machined implants at both 1 and 
6 weeks. Larsson concluded that surface topography, smooth (electropolished) 
vs. rough (machined), was the sole factor influencing bone apposition at the 
bone-implant interface. 
2.11. Summary 
These ln vivo studies have shown that surface roughness has a significant and 
predictable effect on tissue formation at the implant interface. When comparing 
the effects of surface roughness on bone formation on HA surfaces, the lack of 
sufficient controls prevents any definitive conclusions. 
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3 Thesis Hypotheses 
To fulfill the general aim of determining the relative contributions of surface 
chemistry and topography to osseointegration the hypotheses of the thesis were: 
Hypothesis 1 - The addition of a surface texture to a typical porous coating 
would increase bone ingrowth 
Hypothesis 2 - A thin, dense and homogenous layer of atomically deposited 
titanium cou Id be used to isolate surface chemistry without altering surface 
topography. 
Hypothesis 3 - The contribution of surface topography is greater than the 
contribution of surface chemistry to the osseointegration of HA coated 
implants. 
Hypothesis 4 - Murine stromal, TF-274 and MC3T3-E1 mineralizing cell 
culture systems are not responsive to surface topography as observed in vivo. 
Hypothesis 5 - Fracture surfaces present a surface topography comparable to 
that used on commercially available textured cementless implants. 
Hypothesis 6 - The irregular texture of the fracture surface is a stimulus for 
bone formation. 
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3.1 Specifie Aims of this Thesis 
This thesis is prepared in paper format. It consists of an introduction, a literature 
review, four distinct parts that include 7 journal papers, a discussion and a 
conclusion. A reference list is included for each chapter and for each 
manuscript. 
The seven specifie aims of the thesis are: 
Aiml: 
Aim Il: 
Aim III: 
AimlV: 
The specifie aim of part 1 was to investigate the addition of a 
surface topography to a common orthopaedic surface employed for 
bone ingrowth. This part includes paper 1 and addresses the first 
hypothesis of the thesis. 
The specifie aim of part Il was the development of a method to 
isolate or mask surface chemistry without altering surface 
topography. This part includes paper Il and addresses the second 
hypothesis of the thesis. 
The specifie aim of part III was to investigate the relative 
contributions of surface chemistry and surface topography to the 
osseointegration of Hydroxyapatite. This part includes paper III and 
addresses the third hypotheses of the thesis. 
The specifie aims of part IV were to investigate the response of 
current mineralizing culture systems to surface topography and 
characterizes a primary canine culture that demonstrates a similar 
response to surface topography as observed in vivo. This part 
includes paper IV and addresses the fourth hypotheses of the 
thesis. 
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AimV: 
AimVI: 
The specifie aim of part V was to generate fracture surfaces for 
analysis and to determine if there is a relationship between the 
texture of the fracture surface and the texture of textured 
commercial implants. This part includes papers V and VI and 
addresses the fifth hypotheses of the thesis. 
The specifie aim of part VI was to determine the influence of 
surface texture and chemistry on the mineralizing response to the 
fracture surface in vitro. This part includes paper VII and VI and 
answers the sixth hypotheses of the thesis. 
3.2 Succinct description of the seven thesis papers 
Paper 1: 
Paper Il: 
(Chapter 4) Published in the Journal of Bone and Joint Surgery Br. 
2003;85-B: 1182-9 was an in vivo study that determined that the 
superimposition of a microtexture on the otherwise smooth surface 
of sintered titanium beads increased the extent of bone ingrowth. 
This paper fulfills the first aim of this thesis. 
(Chapter 5) SubmiUed to J Biomed Mater Res., was a 
methodological paper that characterized a technique to effectively 
mask surface chemistry without modifying surface topography. 
This paper presents a novel, essential technique for investigating 
the effects of surface chemistry and surface topography on cellular 
or peri-implant tissue response. This paper fulfills the second aim 
of this thesis. 
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Paper III: (Chapter 6) This Hip Society award winning paper published in 
Clinical Orthopedies and Related Research Number 405, pp. 24-
38, determined the relative contributions of surface chemistry and 
surface topography to the osseointegration of Hydroxyapatite 
coated implants. This paper fulfills the fourth aim of this thesis. 
103 
Paper IV: (Chapter 7) To be submitled to Journal of Biomedical Materials 
Research was an in vitro investigation of the response of various 
mineralizing cells reported in the literature to smooth and rough 
surface topographies. This paper fulfills the fourth aim of this 
thesis. 
PaperV: (Chapter 8) To be submitted to the Journal of Biomechanics. This 
paper describes a method to generate long bone fractures. This 
paper fulfills in part, the fifth aim of this thesis. 
Paper VI: (Chapter 9) To be submitted to Biomaterials. This paper describes 
the surface texture of long bone fractures. This paper fulfills in part, 
the fifth aim of this thesis. 
Paper VII: (Chapter 10) To be submitted to Journal of Bone and Mineral 
Research. This paper describes the mineralizing response of 
canine stromal cells to a fracture surface. This paper fulfills the 
sixth aim of this thesis. 
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Microtexture for Enhancement of Bone 
Growth into Porous Coated Implants 
Based upon findings in the literature, that surface topography has a significant 
effect on bone formation, the first paper of this thesis simply demonstrated that 
the osseointegration of a long standing and prevalent surface for implant fixation 
could be further optimized by the addition of rough surface. 
Porous coatings can be formed on implants by coating them with small spheres 
of Ti and then sinter-bonding them to both the implant and each other. These 
spheres possess a smooth surface with an Ra of much less than 0.5 IJm. 
Dissolution or etching of the porous coating was selected over other texturing 
options since it was not a "Iine of sight process" like GB or HA coating and would 
produce the desired structure on the entire bead surface. A strong acid was used 
to transform (etch) the smooth porous surface into one which possessed an 
irregular roughness. A variety of etching methods, etch times and temperatures 
were evaluated before an optimal etch was selected for in vivo investigation. The 
first part of this chapter outlines the findings of various surface structuring 
techniques. 
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4.1 Etching results with various reagents and substrates. 
4.1.1 Materials and Methods 
Two 500 ml Pyrex beakers were filled with 200ml of the reagent indicated in 
table 4.1 and placed upon a hot plate and brought to a boil. Each beaker received 
four small porous coated samples of either CoCr or Ti6AL4V substrate. At 60 
minute intervals, a sample of each substrate was removed from each beaker and 
placed in a running water bath to stop any etch activity. After 2 hours of soaking, 
samples were removed and allowed to air dry before SEM analysis. SEM 
imaging was used to determine if a visible change in the surface topography of 
the beads had occurred. 
Table 4.1 - Reagents and substrates tested to etch porous surface 
Substrate Reagent Time (Hr) Temperature 
1. Ti6AL4V Oxalic Acid (7.5%) 1,2,3,4 Boiling (91°C) 
2. CoCr Oxalic Acid (7.5%) 1,2,3,4 Boiling (91°C) 
3. Ti6AL4V Glacial Acetic Acid 1,2,3,4 Boiling (101°C) 
4. CoCr Glacial Acetic Acid 1,2,3,4 Boiling (101°C) 
5. Ti6AL4V Formic 1,2,3,4 Boiling (103°C) 
6. CoCr Formic 1,2,3,4 Boiling (103°C) 
7. Ti6AL4V OrthoPhosphoric (10%) 1,2,3,4 Boiling (88°C) 
8. CoCr OrthoPhosphoric (10%) 1,2,3,4 Boiling (88°C) 
9. Ti6AL4V Sodium Hydroxide (10%) 1,2,3,4 Boiling (103°C) 
10. CoCr Sodium Hydroxide (10%) 1,2,3,4 Boiling (103°C) 
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11. Ti6AL4V Cone Nitrie 1,2,3,4 Boiling (122°C) 
12. CoCr Cone Nitrie 1,2,3,4 Boiling (122°C) 
13. Ti6AL4V Hydroehlorie Aeid (37%) 1,2,3,4 Boiling (103°C) 
14. CoCr Hydroehlorie Acid (37%) 1,2,3,4 Boiling (103°C) 
4.1.2 Results 
Table 4.2 presents the results of the etching experiments. In ail cases there was 
no visible change in the surface topography of the CoCr beads however a range 
of topographical changes was visible with the Ti beads. The Glacial Acetic and 
Formic acids did not alter the Ti bead surface while the concentrated Nitric acid 
and the 10% OrthoPhosphoric acid resulted in a slight etch of the Ti bead surface 
(Figures 4.1 & 4.2). The 7.5% Oxalic acid produced what appeared to be a 
selective etch of one phase in the Ti beads (Figure 4.3). The boiling HCl was 
quite aggressive and resulted in complete dissolution of the beads at 60 minutes. 
Table 4.2 - Etching Results 
Substrate Reagent Time (Hr) Result 
1. Ti6AL4V Oxalie Acid (7.5%) 1,2,3,4 Eteh 
2. CoCr Oxalie Aeid (7.5%) 1,2,3,4 No Eteh 
3. Ti6AL4V Glacial Aeetie Acid 1,2,3,4 No Eteh 
4. CoCr Glacial Aeetie Acid 1,2,3,4 No Eteh 
5. Ti6AL4V Formie 1,2,3,4 No Eteh 
6. CoCr Formie 1,2,3,4 No Eteh 
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7. Ti6AL4V OrthoPhosphorie (10%) 2,3,4 Slight Eteh 
8. CoCr OrthoPhosphorie (10%) 1,2,3,4 No Eteh 
9. Ti6AL4V Sodium Hydroxide (10%) 1,2,3,4 No Eteh 
10. CoCr Sodium Hydroxide (10%) 1,2,3,4 No Eteh 
11. Ti6AL4V Cane Nitrie 1,2,3,4 Slight Eteh 
12. CoCr Cane Nitrie 1,2,3,4 No Eteh 
13. Ti6AL4V Hydroehlorie Acid (37%) 1 Dissolution of Beads 
14. CoCr Hydroehlorie Aeid (37%) 1,2,3,4 No Eteh 
Figure 4.1 - A) Relatively smooth surface of untreated Ti beads. B) Ti beads etched with Nitric 
Acid 30% 4hr. SEM 
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Figure 4.2 - A & B) Ti beads etched with OrthoPhosphoric Acid 10% 4hr. SEM 
Figure 4.3 - A & B) Ti beads etched with Oxalic Acid 7.5% 4hr. SEM 
The etching was repeated with boiling Hel as the reagent and Ti beads as the 
substrate. In this second experiment, the maximum etch time was 30 minutes 
with samples removed at 3 minute intervals. This produced a gradation of etches 
on the Ti beads as shown in Figures 4.4 - 4.7. In general, the beads possessed 
a closely spaced rough structure that consisted of sharp, steep peaks and no 
intervening smooth areas. In the images of the beads the surface roughness 
increased with etch time. With etch times greater than 27 minutes there was 
thinning of the necks (portions between beads and substrate where sinter 
bonding occurred) of the beads. As a result, these samples were not considered 
for the in vivo study. 
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Figure 4.4 - A & B) Ti beads etched with HeL (35%, boiling) for 3 minutes. 500 & 4000 X, SEM 
Figure 4.5 - A & B) Ti beads etched with HeL (35%, boiling) for 9 minutes. 500 & 4000 X, 
SEM 
Figure 4.6 - A & B) Ti beads etched with HeL (35%, boiling) for 18 minutes. 500 & 4000 X, SEM 
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Figure 4.7- A & B) Ti beads etched with HeL (35%, boiling) for 24minutes. 500 & 4000 X, SEM 
Figure 4.8- Optical profilometry scans of A) As received Ti bead (Ra = 150 nm). Thermal 
etching pattern is visible on bead surface. B) Ti bead etched with HeL (35%, boiling) for 3 
minutes (Ra = 220nm). 102X vertical resolution not to scale amongst images. 
Figure 4.9 - Optical profilometry scans of A) Ti bead etched with HeL (35%, boiling) for 9 
minutes (Ra = 490 nm) B) Ti bead etched with HeL 35% for 24 minutes (Ra = 730nm). 102X 
vertical resolution not to scale amongst images. 
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4.2 Abstract 
An in vivo study was designed to determine if the superimposition of a 
microtexture on the surface of sintered titanium beads affected the extent of bone 
ingrowth. Cylindrical titanium intramedullary implants were porous coated with 
titanium beads using commercial sintering techniques. A control group of 
implants was left in the as-sintered condition. A test group of implants was 
etched in a boiling acidic solution to create an irregular surface topography over 
the entire porous coating. Six experimental dogs underwent simultaneous 
bilateral femoral intramedullary implantation of a control implant and an acid 
etched implant. At twelve weeks, the implants were harvested in situ and the 
femora processed for undecalcified thin section histology. Eight transverse seriai 
sections per implant were analysed by backscattered electron microscopy and 
the extent of bone ingrowth was quantified by computer aided image analysis. 
The extent of bone growth into the control implants was 15.8% while the extent of 
bone growth into the etched implants was 25.3%, a relative difference of 60% 
that was statistically significant. These results are consistent with other research 
that documents the positive effect of microtextured surfaces on bone formation at 
an implant surface. The acid etching process developed for this study represents 
a simple method for enhancing the potential of commonly available porous 
coatings for biologic fixation. 
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4.3 Introduction 
There has been over twenty years of experience with a wide variety of porous 
materials in joint replacement.2,8,10,14,17,43 During this time, porous coated implants 
have become increasingly popular worldwide, especially as applied to younger, 
more active patients. 15,21,47 Despite their general clinical success, there is a lack 
of consistency in the literature concerning the extent of bone growth within the 
implant porosity.6,17,2o,23,5o 
ln this regard, various approaches have been investigated to stimulate new bone 
formation and increase the likelihood of implant fixation by bone ingrowth. 
Successful methods include non-invasive low intensity ultrasound,51,52 
administration of pharmaceutical agents,37,46 and the addition of growth 
factors 17,35,54 or calcium phosphate materials3,18,23,39,49 to the implant substrate. 
An entirely different approach to enhancing bone forming activity is the 
manipulation of implant surface topography, Surface topography is commonly 
described by the parameter Ra, the average of the absolute values of the 
deviations from the mean centerline roughness. In studies directly related to peri-
implant bone formation, comparisons of identical Ti surfaces differing only in 
roughness (Ra) have demonstrated significantly different effects on osteoblast 
activity in vitro and in vivo. Numerous in vitro studies have shown that smooth 
surfaces (Ra < 0.5 /lm) do not stimulate osteoblastic activity characteristic of bone 
formation. However, osteoblasts are responsive to rough irregular surfaces (su ch 
as those created by blasting Ti with small particles of Ab03) with an Ra ranging 
from -1 /lm to 7 /lm.4,11,29,33,34,45 Osteoblasts cultured on microtextured surfaces 
demonstrate increased adherence, induction of metabolic activity, and the 
release of potent osteoinductive extracellular factors such as PG-E2 and TGF-
B 1.12,34,45 
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These in vitro studies have been corroborated by numerous in vivo and c1inical 
studies demonstrating that new bone forms on textured implant surfaces with 
Ra=1.0-6.7 !lm, while stable implants with Ra < 0.4 !lm are generally apposed by 
fibrous tissue.28,30,36,40,56,57,59,61,63 Above the half-micrometer Ra threshold, surface 
microtexture stimulates a response that culminates in sorne degree of 
osteoblastic activity. In addition, the magnitude of surface roughness can 
modulate the rate of new bone formation. Sorne studies have shown that finer 
textured surfaces (Ra = 1-2 !lm) develop greater bone coverage more rapidly 
when compared to rougher textures (Ra = 4-5 !lm).25,58,61 8ased on this 
evidence, finer surface textures may be advantageous for stimulating new bone 
development into porous materials. 
Porous coatings fabricated from materials such as sintered beads and fiber metal 
possess surface features with an Ra that is typically less than 0.5 !lm. Therefore, 
from the standpoint of microtexture, these coatings may not be optimized for 
stimulating new bone formation, We are unaware of prior studies that have 
investigated the osteoconductive effect of an irregular microtexture superimposed 
on a standard porous coating such as those produced by the sintering of beads 
or fiber metal. The purpose of this study was therefore to determine whether the 
positive bone response observed with microtextured implant surfaces could 
modify the biologic fixation of a porous coating in the context of an in vivo canine 
implant model. The study hypothesis was that the addition of a fine surface 
texture to sintered beads would increase the extent of bone ingrowth. 
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4.4 Materials and Methods 
4.4.1 Femoral Intramedullary Implants 
A cylindrical implant 90 mm long and 9 mm in diameter was designed for surgical 
placement within the femoral intramedullary canal of experimental dogs (Figure 
4.10). Each implant consisted of a 3 mm diameter sol id central core of Ti-6AI-4V 
alloy to which a 3 mm thick coating of commercially pure c.p.Ti beads was 
sintered using commercial grade sintering techniques (Implex Corp, Allendale 
NJ). The bead size ranged from 100 to 300 !-lm in diameter and the 3mm thick 
porous coating was comprised of approximately 12-15 bead layers. The average 
pore size of the coating as determined by the linear intercept method was 230 
!-lm. Two different implant groups were prepared according to surface treatment. 
Six implants were left in the as-sintered condition and served as controls. Six 
test implants were immersed post-sintering in an acid solution to texture the 
surface of the Ti beads by chemical etching. Ali implants were cleaned using 
standard commercial techniques and sterilized by gamma irradiation. 
Figure 4. 10 - Femoral intramedul/ary implants: A) as-sintered control B) acid etched used in 
the current study. 
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4.4.2 Chemical Etching (Microtexturing) Process 
The porous coated implants were placed in a boiling solution of HGI for a period 
of 21 minutes. Immediately after etching, the implants were rinsed 3 times in 
distilled water and soaked in distilled water for a period of 24 hours. After rinsing 
and soaking, both control and chemically etched implants were passivated in a 
30% solution of nitric acid at room temperature for 30 minutes (passivation is 
used to remove and reform a fresh titanium oxide layer). After passivation, 
implants were again rinsed 3 times and soaked in distilled water for 24 hours, 
with occasional sonication by ultrasound. 
4.4.3 Characterization of Implant Surfaces 
4.4.3.1 Implant Topography 
Scanning electron micrographs of implant surfaces were obtained to provide a 
qualitative impression of surface topography. In addition, topography was 
quantified using a Wyko NT 2000 (Veeco, Rochester, NY) non-contact optical 
profiler. Three regions from each of three implants of each type were analysed. 
4.4.3.2 Surface Chemical Analysis 
Surface chemical analysis was performed using x-ray photoelectron spectroscopy 
(XPS). Ali measurements carried out using a dual-anode source in a VG Escalab 
MKII instrument (Thermo VG Scientific, Beverly, MA) with nonmonochromatized 
Mg Ka radiation (hv = 1253.6 eV) operated at 20 mA and 15 kV. Survey spectra 
were obtained at 90° from the sample surface using a pass energy of 100 eV, 
1.0 eV steps, and a 15 mm x 6 mm slit-width, which result in an analyzed surface 
area of 3 mm x 2 mm. When present, specimen-charging effects were 
compensated by adjusting the binding energy of the survey spectra to fix the 
binding energy of the hydrocarbon peak at 285.0 eV. The concentration of each 
element was determined from the x-ray photoelectron spectroscopy signal area 
and the corresponding x-ray photoelectron spectroscopy atomic sensitivity factor 
-116 -
Chapter 4 - Addition of an Acid Etched Microtexture ... 117 
relative to Fluorine 1 s electron. The sensitivity of the technique was 0.1 at 100%. 
With this technique, measurements below 0.2% are considered contaminant 
levels. 
4.4.4 Canine Intramedullary Model 
A simple canine femoral intramedullary implant model was devised for examining 
the tissue response to non-Ioad bearing implants in an environ ment similar to that 
of a porous coated femoral stem. Prior studies with su ch intramedullary implants 
possessing porous surfaces have shown that a mature osseous response 
develops within 12 weeks of surgery. This single time period was therefore 
selected for the in vivo studies31 ,32. One control and one acid etched implant 
were inserted bilaterally into the femora of six dogs. This model enabled paired 
analysis of bone ingrowth data from the implants in each experiment. 
The surgical procedure involved a small lateral incision over the greater 
trochanter, creation of a pilot hole in the piriformis fossa, progressive reaming of 
the intramedullary canal up to 9 mm, and tapping of an implant into position. The 
procedure was repeated on the contralateral side at the same surgical sitting. 
Both the implant and dog sizes (30-35 kg) were selected to ensure a relatively 
loose fit of the rods within the intramedullary canal. Ali dogs retumed to normal 
weight bearing shortly after implantation. 
4.4.5 Histologie Analysis 
Implants were harvested in situ and prepared for undecalcified thin section 
histology. The bone-implant specimens were stripped of soft tissue, fixed in 10% 
buffered formalin, photographed, and radiographed in multiple views using high-
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resolution film and a Faxitron X-ray apparatus (Hewlett-Packard, Boise, Idaho). 
Specimens were then dehydrated in ascending solutions of ethanol, defatted in 
ether and acetone, vacuum infiltrated with polymethylmethacrylate monomer, and 
cured at room temperature into a hard acrylic block. Undecalcified thin sections 2 
mm thick were made at 10 mm intervals with a low-speed, low-deformation, 
diamond-bladed cut-off machine (Buehler Corp., Markham, Ontario). High-
resolution radiographs of the thin sections were obtained prior to further analysis. 
The thin sections were prepared for backscattered scanning electron microscope 
(BSEM) imaging. This involved progressively polishing the bone-implant surface 
down to 0.5 IJm alumina grit, ultrasonically cleaning, drying and mounting on a 
stage, sputter coating with gold-palladium, and imaging in backscattered electron 
mode to produce a high resolution image of the uppermost several IJm of the 
bone-implant interface. Using computer aided image analysis based on grey-
scale discrimination, the extent of bone ingrowth was determined. This was 
defined as the amount of new bone within the pores divided by the area porosity 
of the porous coating. As a result of material removal during acid etching there 
were differences between the area porosity of the control and acid etched porous 
coatings. Bone growth into acid etched implants was normalized for the 
difference (normalized extent of bone ingrowthetched = [average 
porositYetched/average porositycontrol] x extent bone ingrowthetched). Differences in 
bone ingrowth between implant types were tested for statistical significance using 
paired Student's t tests, with p<0.05. 
4.5 RESULTS 
- 118-
Chapter 4 - Addition of an Acid Etched Microtexture ... 119 
4.5.1 Characterization of Implant Surfaces 
Scanning electron micrographs of the implant surfaces are shawn in Figure 4.11 
and optical profilometry images are shawn in Figure 4.12. The surface roughness 
of the control sintered beads was Ra=0.09 ± 0.02 )lm. The acid etched beads had 
a surface roughness of Ra=1.12 ± 0.72 )lm, a difference that was significantly 
different (p <0.001). 
Figure 4. 11 - Scanning electron 
micrograph of A) as-sintered control and 
B) acid etched beads. The acid etched 
beads possessed an iffegular surface 
texture (Ra = 1. 12 :1: O. 72 JIffI ) that was 
significantly different than the as sintered 
beads (Ra = 0.09 :1:0.02 pm). 
-J. 
- ,. 
"D 
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Figure 4.12 - Surface topography of the A) 
as-sintered control and B) acid etched 
sintered beads as imaged and quantified by 
the non-contact optical profilometer. 
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Comparison of the XPS results 
between the control and acid 
etched implants showed that there 
was no significant difference 
between the surface chemistries 
(Figure 4.13). 
-c ~ (1) 
a. 
-c (1) 
E (1) 
fi 
Femoral Implants 
120 
Figure 4.13 - Chemical composition of the as-
sintered control and acid etched implants. There 
were no significant differences between the two 
4.5.2 Radiographie and Histologie 
Findings 
t:'"rF~"ot:o 
After specimen harvest and soft tissue 
cleaning, the contact radiographs of the 
femora revealed no obvious differences 
between the bone-implant interfaces of 
the control and acid etched implants 
(Figure 4.14). Radiographs of the 
transverse seriai sections (Figure 4.15) 
revealed similar findings. There were no 
complete radiolucencies around any of 
the implants. 
Figure 4.14 Representative AP 
radiograph of A) as-sintered control and B) 
acid etched femoral implants. No notable 
differences are apparent at the bone-
implant interfaces. 
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Figure 4.15 - SeriaI transverse sections of A,C) as-sintered control and 8,0) acid 
etched implants. No complete radiolucencies were apparent in any section. Substantial 
new bone formation adjacent to both the control and acid etched implants was evident 
in ail sections. 
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BSEM revealed that new bone had formed to some extent within the porous 
coating of both control and acid etched implants in ail histologic sections. BSEM 
images of sections representing the average bone ingrowth are shown in Figure 
4.16. 
Figure 4.16 - Back-scattered scanning electron micrographs of control (Ieft) and acid-etched 
(right) sections. Implant is white, bone is grey and other material is black. New bone formation 
within the porous coating is visible in both sections (x 10). 
4.5.3 Quantification of Bone Ingrowth 
A total of 96 histologic sections was analysed for area porosity of the porous 
coating and the extent of bone ingrowth. The mean area porosity of the acid 
etched implants was 39.6%, significantly greater than the mean area porosity of 
the control implants, 34.7% (p<0.001). Considering ail of the BSEM images from 
ail 96 sections, bone growth into the control implants averaged 15.8% ± 12.3% 
while bone growth into the acid etched implants averaged 25.3% ± 16.5% (Figure 
4.17). In relative terms, this represented a 60% enhancement of bone ingrowth 
with the acid etched implants (100 x [25.3-15.8] /15.8). Paired analysis indicated 
this difference was statistically significant (p=0.001). 
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Figure 4.17 - Graphical 
representation of the 
mean extent of bone 
ingrowth for the as-
sintered control 
implants (15.8% l 
12.3%) and acid etched 
implants (25.3% l 
16.5%) The 60% 
relative difference was 
statistically significant 
(p=0.001 paired 
student's T-test). 
n=48 sections per 
group. 
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4.6 Discussion 
Long term, asymptomatic survival of porous coated joint replacement implants 
depends largely on biologie fixation by bone ingrowth. This enhances 
mechanical stability, decreases pain that can result from micromotion26 and 
potentially decreases migration of wear particles into the peri-implant space.9•55 
Histologie retrieval analyses have clearly shown that the extent of bone growth 
into a porous coating varies widely and never completely filts the po rosit y, often 
averaging 10-30% of the available space for ingrowth.24.5o.55 ln osteoporotic 
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bone, revision cases, or patients with systemic disease, the challenge of 
establishing effective bone ingrowth is greater and significant benefits could be 
gained if the rate and/or extent of ingrowth could be enhanced?2 This study 
demonstrated that the simple superimposition of an acid etched microtexture to 
sintered Ti beads used for conventional porous coatings increased the extent of 
bone ingrowth by 60% compared with control surfaces. 
Acid etching has also been used as a method to texture the surfaces of dental 
implants.16,42 ln the case of dental implants, the etching process is generally 
secondary to a coarser surface texturing such as grit blasting or machining of the 
implant screw threads. Numerous reports indicate that the secondary acid 
etching of the implant surface generally results in a 10% to 40% increase in bone 
contact and a significant increase (up to 2-fold) in pullout and torque 
strength.1,13,16 
There have been many prior demonstrations of the positive effect of a rough 
irregular surface texture (Ra = 1-7 J.lm) on bone formation.25,27,30,44,57,61,62 Of 
relevance in this context are the experimental and clinical studies of implants with 
calcium phosphate coatings, particularly the plasma sprayed type of 
hydroxyapatite (HA) coating, which report significant enhancement of bone 
atlachment by the addition of an HA coating to textured or porous 
surfaces.3,19,48,53,60 It is interesting to note that plasma sprayed HA coatings have 
been shown to possess quite an irregular topography (Ra = 5-8 J.lm) in addition to 
being effective for osseointegration. While the positive effect of HA coatings is 
usually attributed to their chemical composition, Hacking et al recently reported 
the results of an animal model in which about 80% of the bone apposition to HA 
coatings was due to the stimulatory effect of their microtexture alone, without 
contribution from calcium and phosphorous chemistry.31 
The increase in bone ingrowth by the acid etching technique is less than that 
recently reported by other techniques such as ultrasound therapy or use of 
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bisphosphonates. With ultrasound stimulation, Tanzer et al. reported a 119% 
mean increase in bone growth into porous tantalum rods in the canine ulna.52 
Using the same model, Bobyn et al. showed that systemic administration of 
zoledronate enhanced bone ingrowth by a mean of 108%.7 However, the acid 
etch process described in the current study possesses several attributes. Since it 
is not a line-of-sight method, it can effectively texture the entire porous coating 
and thus stimulate a complete topographical stimulus; this could be important to 
the creation of an enhanced biological seal against the migration of polyethylene 
debris from the joint surface.9,41,46,55 Acid etching is also a relatively simple and 
inexpensive manufacturing process and from a practical viewpoint, existing 
implants would not need to be redesigned to take advantage of its benefits. 
Finally, since the acid etched texture is contiguous with the porous coating there 
is no possibility of debonding or dissolution, thus avoiding concerns with third 
body wear particles or long term fixation.5,38 
The acid etch process remains to be optimized for c1inical application. The effect 
on bone growth into porous coatings should ideally be evaluated at different time 
periods and perhaps with different porous coatings in other animal models. Aiso 
important to assess is the effect of acid etching on the static and fatigue strengths 
of the porous coating itself and the metallurgical bond to the implant substrate. In 
a broader context, the acid etching process would also have to be optimized for 
specific porous coatings, both in terms of geometry and material. 
Notwithstanding the indication for additional studies, it is c1ear from the results of 
this preliminary experiment that an acid etched microtexture superimposed onto a 
porous coating enhances the bone ingrowth response. 
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Chapter 5 - A Technique for Isolating 
Surface Chemistry without Altering Surface 
Topography 
T 0 thoroughly evaluate the relative contributions of substrate chemistry and 
topography to osseointegration, required that a technique be developed to 
effectively mask surface chemistry without altering surface topography. This was 
necessary for three reasons : 
1. Both the surface topography and chemistry of many materials are 
dependent upon each other. 
2. The surface topography may be a result of the manufacturing process and 
cannot be duplicated with a desired control mate rial. 
3. Cells are extremely sensitive to subtle changes in surface topography. As 
a result, approximating surface topography, or more specifically the 
surface morphology, may not produce an adequate control. 
It was apparent that masking the substrate with a thin film was the most suitable 
method to select. The ideal coating would be dense, homogenous, inert in a 
biologie environ ment, relatively thin in comparison to the topographical features 
presented to the cell. 
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5.1 Abstract 
The purpose of this study was to characterize a technique to effectively mask 
surface chemistry without modifying surface topography. A thin layer of titanium 
was deposited by physical vapor de position onto different biomaterial surfaces. 
Commercially pure titanium disks were equally divided into three groups. Disks 
were either polished to a mirror finish, grit blasted with alumina particles, or grit 
blasted and subsequently plasma sprayed with a commercial grade of 
hydroxyapatite. A subgroup of each of these treatment types was further treated 
by chemically masking the entire disk surface with a thin layer of commercially 
pure titanium deposited by physical vapor deposition. A comparison of surface 
topography and chemical composition was carried out between disks within each 
treatment group. Canine marrow cells were seeded on ail disk surfaces to 
determine the stability of the PVD Ti mask under culture conditions. The physical 
vapor deposition process did not significantly alter the surface topography of any 
samples. The thin titanium layer completely masked the underlying chemistry of 
the plasma sprayed hydroxyapatite surface and the chemistry of the plasma 
vapor deposited titanium layer did not differ from that of the commercially pure 
titanium disks. Cells proliferated on ail but the HA surface. Aliquots obtained 
from the media during culture did not indicate any significant differences in Ti 
concentration amongst the Ti and Ti masked surfaces. 
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5.2 Introduction 
Biomaterial evaluation is becoming increasingly more complex as new 
manufacturing techniques,32,50 materials,4.7,12,17,18,30,41,49,60,77 coatings,17,58,68 
methods of analysis9,25,36,80 and devices8,29 are developed. The long-term 
success of any implantable device depends in part upon its interaction with the 
host tissue. In many cases, a betler understanding of the tissue-implant 
interaction is fundamentÇlI to improving implant function or performance. As a 
result, the rela!ionship between the implant substrate and the peri-implant 
environ ment is a subject of great interest. 
ln su ch investigations, it is important to recognize that subtle changes in 
biomaterial surface morphology can have profound effects on peri-implant tissue 
formation 19-22,26-28,40,54,56,62,66,75,91,93,94,100 or cellular 1,2,9,10,14,20,26,31,33,34,38,54,63,74,78,83 
response. These responses to surface topography, or more precisely, surface 
morphology, need to be dissociated from other factors, such as local surface 
chemistry in order to determine the exact causes for tissue response. As a 
result, experimental controls must not just approximate surface morphology, but 
match it exactly, since subtle changes in surface morphology have the potential 
to confound experimental findings. 
However, it may not be practical or even possible to produce an exact 
morphological control from a different biomaterial. This approach can be 
particularly problematic in cases where the surface morphology is 
complex11 ,12,22,23,27,37 or is a consequence of the manufacturing 
process. 11 ,11,12,12,22,22,23,23,27,27,37,37,42,97,98 One solution is to produce a control by 
coating the surface of interest with a thin film that is dense, durable, homogenous 
and does not alter the surface morphology. To be truly useful, the film must also 
be practical to apply and the ideal result of the application of the thin film would 
be a change only in the surface chemistry of the coated component. 
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There are a variety of thin film deposition techniques collectively referred to as 
physical vapor de position (PVD): DC and RF magnetron sputtering,51,52,85,87,95 
electron beam (E-Beam) evaporation,70,73,99 cathodic arc and thermal 
evaporation. Medical applications of PVD coatings include wear resistant 
coatings5,67,76,82,90,92 or biocompatible coatings5,6,12,13,39,43,46,65,69,88 for medical 
devices. While other coating methods exist, PVD has the advantage of being a 
viable process at lower temperatures in a relatively inert environment.81 ln the 
PVD process, an ionized gas (e.g. Ar+), strikes a target (cathode) and releases 
the source material which travels across a vacuum and condenses on the surface 
to be coated, E-Beam coatings are typically produced at about 500°C.81 
Cathodic arc coatings are typically deposited at temperatures much lower than 
400°C, and in some cases near room temperature.81 ,84 
The hypothesis of this study was that a thin, commercially pure titanium film 
applied by PVD could effectively mask the surface chemistry of a textured 
biomaterial without substantially or functionally altering its surface topography. 
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5.3 Materials and Methods 
5.3.1 Physical Vapor Deposition Process (PVD-Mask) 
A modified physical vapor deposition 
process was developed to coat (mask) 
a variety of specimens described 
below with commercially pure titanium. 
Ali samples were placed directly into 
the PVD cham ber. The base pressure 
before processing was not greater 
than 6 x 10-2 Pa. Radiant heaters 
maintained a temperature of 140 oC, 
as measured in the center of the 
vessel. The chamber was backfilled 
with pre-purified argon (99.99% pure) 
to a pressure of 2.0 Pa. Titanium was 
evaporated from a commercially pure 
source (99.99%) with an arc current of 
125 amperes. A bias voltage of -250 
V pu Ising at a frequency of 20 kHz, 
was maintained on the specimens. 
Initial experiments with this technique 
Figure 5. 1 - A) First generation PVD Ti 
surface showing parlicle contamination and 
B) second generation PVD Ti surface with a 
gross reduction in parlicle contamination. 
had shown that small particles of Ti condensed on the specimen surface (Figure 
5.1 A). To reduce this contamination, a shield with a f10ating bias with respect to 
ground, was placed 10 cm in front of the titanium source (Figure 5.1 B). 
5.3.2 Test specimens 
One hundred and twenty cell culture disks, 22 mm in diameter and 3 mm thick, 
were divided equally into 3 groups. One group was polished (Pol), one group 
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was grit blasted (GB) with AI20 3 particles and another group was plasma sprayed 
with a layer of hydroxyapatite (HA) using industry standard techniques (Implex 
Corp, Allendale, NJ) (Figure 5.2). The plasma spray process resulted in a 60 !-lm 
thick HA coating that was 98% HA and 64% crystalline with a density of 99% and 
a calcium:phosphate ratio of 1.67. Twenty of the Pol, GB and HA disks were left 
untreated and 20 of each group were PVD-masked as described above. 
Representative disks from each group were randomly selected for surface 
characterization. 
Figure 5.2 - Cell culture disks used in the study. A) Polished Ti B) Polished Ti + PVD mask 
C) Grit Blasted Ti D) Grit Blasted Ti + PVD mask E) HA coated F) HA coated+ PVD mask. 
Small slot in disk facilita tes media change without disturbing culture surface. 
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5.3.3 Characterization of the Disk Surfaces 
5.3.3.1 Implant Topography 
Scanning electron micrographs of ail disk surfaces were obtained to provide a 
qualitative impression of surface morphology. Surface topography was quantified 
using a Wyko NT 2000 (Veeco, Rochester, NY) non-contact optical profiler. The 
profiler was calibrated before use and the operational parameters were: VSI 
mode, 52 X Mag, VSI filter, and tilt correction. Three random regions from three 
disks of each group were analyzed yielding ni ne measurements per surface. 
5.3.3.2 Surface Chemistry 
Surface chemical analysis was performed using x-ray photoelectron spectroscopy 
(XPS). Ali measurements were carried out using a dual-anode source in a VG 
Escalab MKII instrument (Thermo VG Scientific, Beverly, MA) with 
nonmonochromatized Mg Ka radiation (hv = 1253.6 eV) operated at 20 mA and 
15 kV. Survey spectra were obtained at 90° from the sam pie surface using a 
pass energy of 100 eV, 1.0 eV steps, and a 15 mm x 6 mm slit-width, which result 
in an analyzed surface area of 3 mm x 2 mm. When present, specimen-charging 
effects were compensated by adjusting the binding energy of the survey spectra 
to fix the binding energy of the hydrocarbon peak at 285.0 eV. The concentration 
of each element was determined from the x-ray photoelectron spectroscopy 
signal area and the corresponding x-ray photoelectron spectroscopy atomic 
sensitivity factor relative to Fluorine 1 s electron. The sensitivity of the technique 
was 0.1 at 100%. With this technique, measurements below 0.2% are 
considered contaminant levels. Three cell culture disks from each group were 
selected for analysis. Five locations were randomly analyzed on each disk. 
XPS was selected for the chemical analysis of the disk surfaces since it has an 
effective penetration depth of 25nm. This was especially necessary for the PVD-
mask specimens to limit analysis to the thin PVD Ti film without influence from 
the substrate below. 
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The Pol and GB disks were scanned with XPS and compared with the PVD-
mask, Pol and GB disks. Scans of the PVD-mask HA coated disks were also 
included to determine if the underlying hydroxyapatite Ca and P chemistry could 
be detected. Three disks were randomly selected from each group and scanned 
5 times each. 
5.3.4 Stability of the PVD Coating in an ln Vitro Cell Culture Model 
An in vitro cell culture model was utilized to determine the effect of tissue growth 
and culture media on the control and PVD-mask surfaces (n=4). Canine marrow 
cells obtained from the iliac crest were harvested in a sterile environ ment, 
maintained in a-MEM medium supplemented with 10% FBS, 100 Ulml penicillin 
and 100-llg/ml streptomycin and grown in primary culture for a period of 7 days. 
Cells were seeded either on disks or on tissue culture plastic (TCP) at a plating 
density of 3x105 cells/cm2 (100,000 cells per disk) in 12-well plates and 
maintained in 2.0 ml standard medium (a-MEM containing 10% FBS, 100 Ulm 1 
penicillin and 100 Ilg/ml streptomycin and 50 Ilg/ml ascorbate and 5mM 11-
glycerophosphate) in a 5% CO2 air-balanced incubator at 3JOC up to day 12. 
Media was changed every 2 days and aspirates were obtained prior to media 
change at days 0, 2, 5, 7, 10 and 12 days. The resistance to dissolution of the 
PVD-mask film used in this experiment was determined by analysis of the Ti 
concentration in aliquots of media from cell culture. Aliquots from the HA coated 
and PVD-mask HA coated disks were also analysed for Ca concentration. 
Aliquots were analyzed by a sequential inductively coupled plasma spectrometer 
(Trace Scan, Jarrell-Ash Corp, Franklin, MA). Certified commercial standards 
(1000 ppm) were used and subsequently diluted with deionized water. Standard 
concentrations bracketed the test samples. Two-Ievel standardization was used 
and titanium compounds were used in the standard preparation. The detection 
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limits for titanium and calcium by this system were 5 parts per billion and 5 parts 
per million respectively. 
A parallel set of disks (n=4 at each time period) was harvested at days 2, 5, 7, 
and 12 to demonstrate cell growth and proliferation. Cells were removed by 
mechanical scraping, vigorous pipetting and collagenase digestion. DNA was 
assayed on cell sonicates by a fluorometric method.59 
Where appropriate data was analysed with the student's t-test or with ANOVA 
and various post-hoc tests. Ali analysis was performed at the 95% confidence 
level. 
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Resulls 
5.3.5 Surface topography 
Qualitative SEM images of the surfaces are presented in Figure 5.3. Three 
dimensional scans of the test surfaces are presented in Figure 5.4. There was 
no significant difference in surface topography between the Pol (Ra = .01/lm ± 
0.02) and Pol PVD-mask (Ra = 0.01/lm ± 0.04) disks, between the GB (Ra = 3.26 
/lm ± 0.95) and GB PVD-mask (Ra = 3.32/lm ± 1.38) disks or between the HA (Ra 
= 2.98/lm ± 0.81) and HA PVD-mask (Ra = 3.01/lm ± 0.37) disks (Table 5.1). The 
preservation of surface topography is further iIIustrated in Figure 5.1 B, where one 
half of a polished disk was PVD-masked. The continuity of small polishing 
artifacts is visible on both the polished and polished PVD-mask regions. 
Figure 5.3- Non contact optical profile of cell culture disks with A) Polished Ti B) Polished Ti + 
PVD Ti mask C) Grit Blasted Ti D) Grit Blasted Ti + PVD Ti mask E) HA coated F) HA 
coated+ PVD Ti mask surfaces and G) Tissue Culture Plastic.). 102X vertical resolution not to 
scale amongst images. 
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Figure 5.4 - Scanning Electron Micrographs of cell culture disks with A) Polished Ti B) 
Polished Ti + PVD Ti mask C) Grit Blasted Ti 0) Grit Blasted Ti + PVD Ti mask E) HA coated 
F) HA coated+ PVD Ti mask surface and G) Tissue Culture Plastic. SEM 1000X 
Table 5.1- Surface Roughness of CeU Culture Surfaces 
Roughness Parameter (J1m), (n=9) 
Surface Ra Rq 
TCP < 0.01 < 0.01 
Pol Ti Disk 0.01 ± 0.02 0.02 ± 0.02 
Pol Ti Disk + PVD Ti Mask 0.01 ± 0.03 0.02 ± 0.03 
GB Ti Disk 3.26 ± 0.95 4.04 ± 1.04 
GB Ti Disk + PVD Ti Mask 3.32 ± 1.38 4.01 ± 1.53 
HA coated Disk 2.98 ± 0.81 3.72 ± 1.03 
HA coated Disk + PVD Ti 3.01 ± 0.37 3.87 ± 0.41 Mask 
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5.3.6 Surface Chemistry 
Chemical analyses of the specimen surfaces are presented in Figure 5.5. The 
chemical profiles for the Pol, Pol PVD-mask, GB, GB PVD-mask and HA PVD-
mask surfaces were nearly identical. This indicated that on ail test surfaces the 
PVD deposited Ti film possessed a surface chemistry that was the same as the 
Ti substrate. As anticipated, no Ca or P was detected on the Pol, Pol PVD-mask, 
GB, or GB PVD-mask disks. Ca and P were detected in a ratio of approximately 
2:1 on the HA coated disks. Importantly, there was no Ca or P detected in any of 
the 15 scans of the PVD-mask HA disks indicating that the applied Ti film had 
produced a homogeneous mask that effectively occluded the chemistry of the 
underlying HA surface. This further indicated that the thickness of the PVD Ti 
coating was at least 25nm, the maximum penetration depth of XPS. 
60 
50 
~ 40 
-r:::: 
Q) 30 
E 
~ 
W 20 
10 
o 
Surface Chemistry of Culture Disks 
• Ti2p 001s • N1s BC1s IIiIAl2p • Si OCa2p • P2p 
! 
I, r. 
i 
;r, ;r, 
-
-- ---
-
i" 
- r--
~ .. • œ 1 1: 1 
GBTi PVD GB Ti Pol Ti PVD Pol Ti HA PVDHA 
Figure 5.5 - Chemical analysis of the culture disk surfaces used in this study. There is no Ca 
or Present in any of the PVD Ti mask HA samples. In addition the chemical profile of the Ti 
and PVD mask Ti samples are not significantly different. 
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5.3.7 ln Vitro Stability of the PVD Titanium Mask 
Cell growth and proliferation occurred on ail disks except the HA coated disks 
(Figure 5.6). There was no significant difference in the rate of cell growth 
between Pol Ti and Pol Ti + PVD mask and GB Ti and GB Ti + PVD mask 
surfaces. 
There was a slight increase in Ti levels (40-50 ppb) in the culture media of each 
sample (Table 5.2). These Ti levels were extremely low and near the detection 
limits of the instrument involved (5 ppb). A paired student's t-test showed that 
there was no significant difference in Ti levels detected between Pol and Pol 
PVD-mask, GB and GB PVD-mask, and HA PVD-mask disks. The rougher disks 
(GB and GB PVD-mask, HA PVD-mask disks) had a slightly higher level of Ti in 
the media wh en compared to the smooth disks (Pol and Pol PVD-mask) 
however, this difference was not significant. 
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Figure 5.6 - Growth of canine marrow culture on Pol Ti, PVD masked Pol Ti, GB Ti, PVD 
masked GB Ti, HA, PVD masked HA and TCP surfaces. Cells proliferated on ail surfaces 
except the HA surface. 
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Table 5.2 - Dissolved Titanium (ppb) in Media Aspirates 
Time (days) 
Disk Surface 0 2 5 7 10 12 
Pol Ti 0 38.2 ± 5.6 41.0±5.8 37.3 ± 4.6 39.0 ± 2.0 40.1 ± 3.8 
Pol Ti + PVD 0 39.8 ± 7.5 43.8 ± 7.3 41.8 ± 2.8 40.3 ± 3.5 40.3 ± 2.8 
GBTi 0 44.9 ± 3.7 46.9 ± 3.8 47.7 ± 1.9 49.3 ± 2.2 48.1 ± 3.5 
GB Ti + PVD 0 46.3 ± 4.4 51.2 ± 5.6 50.5 ± 2.6 48.9 ± 4.6 50.6 ± 2.5 
HA 0 2.5 ± 2.9 1.3 ± 2.5 O.O±O 1.8 ± 3.5 1.5± 3 
HA+ PVD 0 45.5 ± 4.4 50.8±1.9 47.1 ± 3.6 46.8 ± 4.9 49.9 ± 4.8 
Tep 0 0 0 0 0 0 
There was a significant difference in Ca level fram aspirates of the HA and HA 
PVD-mask disks (Table 5.3). Calcium media concentration for the HA coated 
disks were maximal at day 2 at 2452 ± 42 ppm and gradually diminished to 714 ± 
36 ppm at day 12. In contrast, the calcium aspirate concentration for the HA 
PVD-mask disks was 62.5 ppm ± 2.1 at day 2 and 58.4 ppm ± 1.9 at day 12. 
This compared weil with the blank value of 69.8 ± 0.71 ppm. 
Table 5.3 - Dissolved Calcium (ppm) in Media Aspirates 
Time (days) 
Disk Surface 0 2 5 7 10 12 
HA+ PVD 69.8±0.71 62.5±2.1 59.8±1.8 58.1±2.0 58.5±1.8 58.4±1.9 
HA 70.2±O.66 2452±42 1913±45 1030±38 844±41 714±36 
- 150-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 151 
5.4 Discussion 
Subtle changes in surface morphology have significant and predictable effects on 
cellular behavior and peri-implant tissue formation. In the context of biomedical 
investigations, it is imperative that surface morphology be strictly controlled as an 
experimental variable to avoid confounding experimental results. In this study, a 
thin Ti film applied by physical vapor deposition effectively masked the surface 
chemistry of an HA coated implant without altering its surface topography. 
Other researchers have used similar techniques such as RF sputtering to 
successfully produce thin Ti films for biomedical evaluation.3,15,45,55,57,67.79 Thin 
TiO, TiN and C films have also been successfully applied to mask the underlying 
chemistry to prevent corrosion or ion release from CoCr alloy surfaces.48,61,73,92 
However, as far as the authors are aware, this is the first study to use a thin Ti 
film to specifically produce a morphological control with a different surface 
chemistry. 
A comparison of the surface topographies indicates that the application of the 
PVD coating did not significantly alter the surface roughness of any of the culture 
surfaces. 
Chemical analysis of the Pol and GB disks with and without the PVD mask 
demonstrated that the application of the PVD Ti mask did not produce a surface 
coating that was significantly different from that of the uncoated Ti specimens. 
There were trace levels of AI present in the GB samples that were most likely a 
residue from the AI20 3 grit blasting process. Analysis of the HA and PVD-mask 
HA samples demonstrated that the PVD Ti mask produced a uniform and dense 
barrier that effectively masked the underlying surface chemistry. Ca and P were 
detected in approximately a 2: 1 ratio in the HA coated disk but were not detected 
on the PVD-mask HA coated disks. 
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A previous soak study also confirmed the stability of the PVD coating for long 
periods of time in a modified saline environment.44 The aim of the present study 
was to test the stability of the PVD coating under conditions specifie to tissue 
culture. Ali samples, except the HA coated disks, exhibited cell growth and 
proliferation characteristic of tissue culture. 
The lack of growth only on the HA coated disk suggests that sorne factor specifie 
to the HA coating impeded normal cell function. While the HA coating was quite 
pure, it was only 68% crystalline as supplied. The non-crystalline nature of the 
coating may have lead to its rapid degradation in vitro. In addition, EDTA is often 
used as an additive in culture media. Since EDTA strongly binds covalent ions, it 
may have had an affinity for Ca or P04 that caused dissolution from the disk 
surface and subsequent precipitation. It is also possible that enzyme activity from 
the serum added to the media could have also resulted in breakdown of the HA 
coating. 
For ail samples where cell growth occurred, there was slight elevation of Ti in the 
media. The Ti levels presented here are higher than those of the PVD-mask HA 
in the previous soak study (40 ppb versus. 5 ppb) but still in the order of parts per 
billion. It is interesting to note that the rougher surfaces (GB Ti, PVD GB Ti and 
PVD HA) had a slightly elevated level of Ti in the media, compared with the Pol 
surfaces; this perhaps was due to their greater surface area. At sorne time 
periods, aspirations from the HA coated disks indicated trace amounts of Ti, near 
the detection limits of the instrument. This Ti artifact may be a result of the media 
being exposed to Ti from the non HA coated sides and botlom of the disks (only 
the top of the disk was coated with HA). Unlike the previous soak studl3 there 
was significant elevation of Ca in the media samples from the HA coated disks. 
Perhaps sorne influence from the media facilitated the dissolution of Ca from the 
HA. The PVD-mask HA samples did not show an elevated level of Ca and 
supported cel! growth, again indicating that the PVD-mask effectively sealed the 
underlying surface chemistry. 
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It is important to note that Ti was selected as the coating material for this study 
because of its resistance to degradation in a physiologic environ ment 3,16,47,53. 
Other investigators have coated implant surfaces with thin films of CaP by 
sputtering techniques.24,35,64,71,72,86,89,96 However, in this context, the degradation 
of these thin CaP coatings with subsequent change in morphology upon 
exposure to physiologic fluids or media mitigates their utility as an effective 
coating for long term morphological controls. A plasma spray HA surface was 
selected as a substrate material since it was chemically dissimilar to the 
commercially pure Ti but like Ti is commonly associated with orthopaedic 
implants. The plasma spray HA surface also presented a complex geometry that 
tested the efficacy of the PVD Ti to mask irregular biomaterial substrates. 
For non-porous metallic materials such as Ti in non-abrasive conditions like 
these, only the first 10 nm of the substrate surface actually participates in any 
chemical interaction with the surrounding environment53• Since the PVD Ti 
coating used in this study was at least 25 nm thick, it is reasonable to assume 
that the tissue reaction to the PVD mask Ti coated implant was no different from 
that of the same implant made entirely of Ti. 
ln conclusion, the PVD Ti coating effectively masked the underlying surface 
chemistry of the HA coated disk without altering its surface topography. In 
addition, the PVD process produced a thin, dense and homogenous Ti film 
possessing the sa me surface chemistry as commercially pure Ti. The physical 
vapor deposition of thin Ti films has utility for the investigation of the effects of 
surface topography and surface chemistry on the cellular and/or tissue response 
to various biomaterials. 
-153 -
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 154 
5.5 References 
1. Abrahamsson, 1., Zitzmann, N. U., Berglundh, T., Linder, E., Wennerberg, 
A., and Lindhe, J.: The mucosal attachment to titanium implants with 
different surface characteristics: an experimental study in dogs. J. Clin. 
Periodontol. 29:448-455, 2002. 
2. Ahmad, M., McCarthy, M. B., and Gronowicz, G.: An in vitro model for 
mineralization of human osteoblast-like cells on implant mate rials. 
Biomaterials. 20:211-220, 1999. 
3. Albrektsson, T. and Hansson, H. A.: An ultrastructural characterization of 
the interface between bone and sputtered titanium or stainless steel 
surfaces. Biomaterials. 7:201-205,1986. 
4. Altman, G. H., Horan, R. L., Lu, H. H., Moreau, J., Martin, 1., Richmond, J. 
C., and Kaplan, D. L.: Silk matrix for tissue engineered anterior cruciate 
ligaments. Biomaterials. 23:4131-4141, 2002. 
5. Arweiler-Harbeck, D., Sanders, A., Held, M., Jerman, M., Ehrich, H., and 
Jahnke, K.: Does metal coating improve the durability of silicone voice 
prostheses? Acta Otolaryngol. 121 :643-646, 2001. 
6. Auditore, A., Satriano, C., Coscia, U., Ambrosone, G., Parisi, V., and 
Marietta, G.: Human serum albumin adsorption onto a-SiC:H and a-C:H 
thin films deposited by plasma enhanced chemical vapor deposition. 
Biomol. Eng. 19:85,2002. 
7. Baker, S. B., Weinzweig, J., Kirschner, R. E., and Bartlett, S. P.: 
Applications of a new carbonated calcium phosphate bone cement: early 
experience in pediatrie and adult craniofacial reconstruction. Piast. 
Reconstr. Surg. 109:1789-1796,2002. 
- 154-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 155 
8. Bellon, J. M., Garcia-Carranza, A., Jurado, F., Garcia-Honduvilla, N., 
Carrera-San Martin, A, and Bujan, J.: Evaluation of a new composite 
prosthesis (PL-PU99) for the repair of abdominal wall defects in terms of 
behavior at the peritoneal interface. World J. Surg. 26:661-666, 2002. 
9. Bigerelle, M., Anselme, K., Dufresne, E., Hardouin, P., and lost, A.: An 
unscaled parameter to measure the order of surfaces: a new surface 
elaboration to increase cells adhesion. Biomol. Eng. 19:79, 2002. 
10. Bigerelle, M., Anselme, K., Noel, B., Ruderman, 1., Hardouin, P., and lost, 
A.: Improvement in the morphology of Ti-based surfaces: a new pro cess 
to increase in vitro human osteoblast response. Biomaterials. 23:1563-
1577,2002. 
11. Blawas, A S. and Reichert, W. M.: Protein patterning. Biomaterials. 
19:595-609,1998. 
12. Bobyn, J. D., Stackpool, G. J., Hacking, S. A, Tanzer, M., and Krygier, J. 
J.: Characteristics of bone ingrowth and interface mechanics of a new 
porous tantalum biomaterial. J. Bone Joint Surg. Br. 81:907-914,1999. 
13. Bobyn, J. D., Toh, K. K., Hacking, S. A., Tanzer, M., and Krygier, J. J.: 
Tissue response to porous tantalum acetabular cups: a canine model. J. 
Arthroplasty. 14:347-354, 1999. 
14. Boyan, B. D., Hummert, T. W., Dean, D. D., and Schwartz, Z.: Role of 
material surfaces in regulating bone and cartilage cell response. 
Biomaterials. 17:137-146, 1996. 
15. Boyan, B. D., Schwartz, Z., and Hambleton, J. C.: Response of bone and 
cartilage cells to biomaterials in vivo and in vitro. J. Orallmplantol. 
19:116-122,1993. 
- 155-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 156 
16. Branemark, P. 1., Adell, R, Breine, U., Hansson, B. O., Lindstrom, J., and 
Ohlsson, A.: Intra-osseous anchorage of dental prostheses. 1. 
Experimental studies. Scand. J. Piast. Reconstr. Surg. 3:81-100, 1969. 
17. Bruining, M. J., Pijpers, A P., Kingshott, P., and Koole, L. H.: Studies on 
new polymeric biomaterials with tunable hydrophilicity, and their possible 
utility in corneal repair surgery. Biomaterials. 23:1213-1219, 2002. 
18. Chaikof, E. L., Matthew, H., Kohn, J., Mikos, AG., Prestwich, G. D., and 
Vip, C. M.: Biomaterials and scaffolds in reparative medicine. Ann. N. Y. 
Acad. Sci. 961 :96-105,2002. 
19. Chehroudi, B., Gould, T. R, and Brunette, D. M.: A light and electron 
microscopic study of the effects of surface topography on the behavior of 
ce Ils attached to titanium-coated percutaneous implants. J. Biomed. 
Mater. Res. 25:387-405, 1991. 
20. Clark, P., Connolly, P., Curtis, A S., Dow, J. A, and Wilkinson, C. D.: 
Topographical control of cell behaviour. 1. Simple step cues. 
Development. 99:439-448, 1987. 
21. Clark, P., Connolly, P., Curtis, A S., Dow, J. A, and Wilkinson, C. D.: 
Topographical control of cell behaviour: II. Multiple grooved substrata. 
Development. 108:635-644, 1990. 
22. Clark, P., Connolly, P., Curtis, A S., Dow, J. A, and Wilkinson, C. D.: 
Cell guidance by ultrafine topography in vitro. J Cell Sci. 99 ( Pt 1):73-77, 
1991. 
23. Clark, P., Connolly, P., and Moores, G. R: Cell guidance by 
micropatterned adhesiveness in vitro. J CeU Sci. 103 ( Pt 1 ):287-292, 
1992. 
- 156-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 157 
24. Cooley, D. R., Van Dellen, A. F., Burgess, J. O., and Windeler, A. S.: 
The advantages of coated titanium implants prepared by radiofrequency 
sputtering from hydroxyapatite. J. Prosthet. Dent. 67:93-100,1992. 
25. Corneillie, S. and Schacht, E.: Surface plasmon resonance: a technique 
for characterizing biomaterial surfaces. Med. Device Technol. 9:28-31, 
1998. 
26. Curtis, A. and Wilkinson, C.: Topographical control of cells. Biomaterials. 
18:1573-1583, 1997. 
27. Curtis, A. and Wilkinson, C.: New depths in cell behaviour: reactions of 
cells to nanotopography. Biochem. Soc. Symp. 65:15-26, 1999. 
28. Curtis, A. S. and Wilkinson, C. D.: Reactions of cells to topography. J 
Biomater Sci Polym Ed. 9:1313-1329,1998. 
29. D'eredita, R., Marsh, R. R., Lora, S., and Kazahaya, K.: A new 
absorbable pressure-equalizing tube. Otolaryngol. Head Neck Surg. 
127:67-72,2002. 
30. Dacho, A., Steffen, H., Ziegler, C. M., Conradt, C., and Dietz, A.: [Orbital 
floor reconstruction. Comparison of a new perforated 0.15 mm thick PDS 
layer with established titanium dynamic mesh]. HNO. 50:21-28,2002. 
31. Degasne, 1., Basle, M. F., Demais, V., Hure, G., Lesourd, M., Grolleau, 
B., Mercier, L., and Chappard, D.: Effects of roughness, fibronectin and 
vitronectin on attachment, spreading, and proliferation of human 
osteoblast-like cells (Saos-2) on titanium surfaces. Calcif. Tissue Int. 
64:499-507, 1999. 
32. Deguchi, T., Ito, M., Obata, A., Koh, Y., Yamagishi, T., and Oshida, Y.: 
Trial production of titanium orthodontic brackets fabricated by metal 
injection molding (MIM) with sintering. J. Dent. Res. 75:1491-1496, 1996. 
- 157-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 158 
33. den Braber, E. T., de Ruijter, J. E., Ginsel, L. A, von Recum, A F., and 
Jansen, J. A.: Orientation of ECM protein deposition, fibroblast 
cytoskeleton, and attachment complex components on silicone 
microgrooved surfaces. J Biomed Mater Res. 40:291-300, 1998. 
34. den Braber, E. T., de Ruijter, J. E., Smits, H. T., Ginsel, L. A, von 
Recum, A F., and Jansen, J. A.: Quantitative analysis of cell proliferation 
and orientation on substrata with uniform parallel surface micro-grooves. 
Biomaterials. 17:1093-1099, 1996. 
35. Ding, S. J., Ju, C. P., and Lin, J. H.: Characterization of hydroxyapatite 
and titanium coatings sputtered on Ti-6AI-4V substrate. J. Biomed. Mater. 
Res. 44:266-279, 1999. 
36. Dopner, S., Muller, F., Hildebrandt, P., and Muller, R. T.: Integration of 
metallic endoprotheses in dog femur studied by near-infrared Fourier-
transform Raman microscopy. Biomaterials. 23:1337-1345, 2002. 
37. Duncan, AC., Weisbuch, F., Rouais, F., Lazare, S., and Baquey, C.: 
Laser microfabricated model surfaces for controlled cell growth. Biosens. 
Bioelectron. 17:413-426,2002. 
38. Dunlap, D., Cattelino, A., de, C., l, and Valtorta, F.: Cytoplasmic 
topography of focal contacts. FEBS Lett. 382:65-72, 1996. 
39. Ertel, S. 1., Ratner, B. D., and Horbett, T. A.: Radiofrequency plasma 
deposition of oxygen-containing films on polystyrene and poly( ethylene 
terephthalate) substrates improves endothelial cell growth. J. Biomed. 
Mater. Res. 24:1637-1659,1990. 
40. Flemming, R. G., Murphy, C. J., Abrams, G. A, Goodman, S. L., and 
Nealey, P. F.: Effects of synthetic micro- and nano-structured surfaces on 
cell behavior [In Process Citation]. Biomaterials. 20:573-588, 1999. 
-158 -
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 159 
41. Gillam, D. G., Tang, J. Y., Mordan, N. J., and Newman, H. N.: The effects 
of a novel Bioglass dentifrice on dentine sensitivity: a scanning electron 
microscopy investigation. J. Oral Rehabil. 29:305-313, 2002. 
42. Hacking, S. A., Bobyn, J. D., Tanzer, M., and Krygier, J. J.: The osseous 
response to corundum blasted implant surfaces in a canine hip mode!. 
Clin. Orthop.240-253, 1999. 
43. Hacking, S. A, Bobyn, J. D., Toh, K., Tanzer, M., and Krygier, J. J.: 
Fibrous tissue ingrowth and attachment to porous tantalum. J. Biomed. 
Mater. Res. 52:631-638,2000. 
44. Hacking, S. A, Tanzer, M., Harvey, E. J., Krygier, J. J., and Bobyn, J. D.: 
Relative contributions of chemistry and topography to the 
osseointegration of hydroxyapatite coatings. Clin. Orthop. 405:24-38, 
2002. 
45. Hambleton, J., Schwartz, Z., Khare, A., Windeler, S. W., Luna, M., 
Brooks, B. P., Dean, D. D., and Boyan, B. D.: Culture surfaces coated 
with various implant materials affect chondrocyte growth and metabolism. 
J. Orthop. Res. 12:542-552, 1994. 
46. Hayashi, K., Matsuguchi, N., Uenoyama, K., Kanemaru, T., and Sugioka, 
Y.: Evaluation of metal implants coated with several types of ceramics as 
biomaterials. J. Biomed. Mater. Res. 23:1247-1259,1989. 
47. Head, W. C., Bauk, D. J., and Emerson, R. H. J.: Titanium as the material 
of choice for cementless femoral components in total hip arthroplasty. Clin 
Orthop.85-90, 1995. 
48. Hendry, J. A and Pilliar, R. M.: The fretting corrosion resistance of PVD 
surface-modified orthopedie implant alloys. J. Biomed. Mater. Res. 
58: 156-166, 2001. 
- 159-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 160 
49. Holmes, T. C.: Novel peptide-based biomaterial scaffolds for tissue 
engineering. Trends Biotechnol. 20: 16-21, 2002. 
50. Hong, S. B., Eliaz, N., Leisk, G. G., Sach, E. M., Latanision, R. M., and 
Allen, S. M.: A new Ti-5Ag alloy for customized prostheses by three-
dimensional printing (3DP). J. Dent. Res. 80:860-863, 2001. 
51. Hulshoff, J. E., Hayakawa, T., van Dijk, K., Leijdekkers-Govers, A. F., van 
der Waerden, J. P., and Jansen, J. A.: Mechanical and histologic 
evaluation of Ca-P plasma-spray and magnetron sputter-coated implants 
in trabecular bone of the goat. J Biomed Mater Res. 36:75-83, 1997. 
52. Hulshoff, J. E., van Dijk, K., van der Waerden, J. P., Wolke, J. G., Kalk, 
W., and Jansen, J. A.: Evaluation of plasma-spray and magnetron-sputter 
Ca-P-coated implants: an in vivo experiment using rabbits. J Biomed 
Mater Res. 31:329-337,1996. 
53. Kasemo, B.: Biocompatibility of titanium implants: surface science 
aspects. J Prosthet Dent. 49:832-837, 1983. 
54. Keller, J. C.: Tissue compatibility to different surfaces of dental implants: 
in vitro studies. Implant. Dent. 7:331-337,1998. 
55. Kemmenoe, B. H. and Bullock, G. R.: Structure analysis of sputter-coated 
and ion-beam sputter-coated films: a comparative study. J. Microsc. 132 
(Pt 2):153-163, 1983. 
56. Kieswetter, K., Schwartz, Z., Dean, D. D., and Boyan, B. D.: The role of 
implant surface characteristics in the healing of bone. Crit Rev Oral Biol 
Med. 7:329-345, 1996. 
57. Koontz, C. S., Ramp, W. K., Peindl, R. D., Kaysinger, K. K., and Harrow, 
M. E.: Comparison of growth and metabolism of avian osteoblasts on 
-160 -
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 161 
polished disks versus thin films of titanium alloy. J. Biomed. Mater. Res. 
42:238-244, 1998. 
58. Korematsu, A., Takemoto, Y., Nakaya, T., and Inoue, H.: Synthesis, 
characterization and platelet adhesion of segmented polyurethanes 
grafted phospholipid analogous vinyl monomer on surface. Biomaterials. 
23:263-271, 2002. 
59. Labarca, C. and Paigen, K.: A simple, rapid, and sensitive DNA assay 
procedure. Anal. Biochem. 102:344-352, 1980. 
60. Lai, J. H., Wang, L. L., Ko, C. C., DeLong, R L., and Hodges, J. S.: New 
organosilicon maxillofacial prosthetic materials. Dent. Mater. 18:281-286, 
2002. 
61. Lappalainen, R, Anttila, A., and Heinonen, H.: Diamond coated total hip 
replacements. Clin. Orthop.118-127, 1998. 
62. Lincks, J., Boyan, B. D., Blanchard, C. R, Lohmann, C. H., Liu, Y., 
Cochran, D. L., Dean, D. D., and Schwartz, Z.: Response of MG63 
osteoblast-like cells to titanium and titanium alloy is dependent on surface 
roughness and composition. Biomaterials. 19:2219-2232, 1998. 
63. Locci, P., Becchetti, E., Pugliese, M., Rossi, L., Belcastro, S., Calvitti, M., 
Pietrarelli, G., and Staffolani, N.: Phenotype expression of human bone 
cells cultured on implant substrates. Cell Biochem Funct. 15:163-170, 
1997. 
64. Massaro, C., Baker, M. A., Cosentino, F., Ramires, P. A., Klose, S., and 
Milella, E.: Surface and biological evaluation of hydroxyapatite-based 
coatings on titanium deposited by different techniques. J. Biomed. Mater. 
Res. 58:651-657, 2001. 
- 161 -
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 162 
65. Maurer, A. M., Brown, S. A., Payer, J. H., Merritt, K., and Kawalec, J. S.: 
Reduction of fretting corrosion of Ti-6AI-4V by various surface treatments. 
J. Orthop. Res. 11 :865-873, 1993. 
66. Meyle, J., Wolburg, H., and von Recum, A. F.: Surface micromorphology 
and cellular interactions. J Biomater Appl. 7:362-374, 1993. 
67. Mezger, P. R. and Creugers, N. H.: Titanium nitride coatings in clinical 
dentistry. J. Dent. 20:342-344, 1992. 
68. Miyamoto, K., Kanemoto, A., Hashimoto, K., Tokita, M., and Komai, T.: 
Immobilized gellan sulfate surface for cell adhesion and multiplication: 
development of cell-hybrid biomaterials using self-produced fibronectin. 
Int. J. Biol. Macromol. 30:75-80, 2002. 
69. Mohanty, M., Anilkumar, T., Mohanan, P., Muraleedharan, C., 
Bhuvaneshwar, G., Derangere, F., Sampeur, Y., and Suryanarayanan, 
R.: Long term tissue response to titanium coated with diamond like 
carbon. Biomol. Eng. 19:125,2002. 
70. Nan, H., Ping, Y., Xuan, C., Yongxang, L., Xiaolan, Z., Guangjun, C., 
Zihong, Z., Feng, Z., Yuanru, C., Xianghuai, L., and Tingfei, X.: Blood 
compatibility of amorphous titanium oxide films synthesized by ion beam 
enhanced deposition. Biomaterials. 19:771-776, 1998. 
71. Ong, J. L., Prince, C. W., and Lucas, L. C.: Cellular response to well-
characterized calcium phosphate coatings and titanium surfaces in vitro. 
J. Biomed. Mater. Res. 29:165-172, 1995. 
72. Ozeki, K., Yuhta, T., Aoki, H., Nishimura, 1., and Fukui, Y.: Push-out 
strength of hydroxyapatite coated by sputtering technique in bone. 
Biomed. Mater. Eng. 11 :63-68, 2001. 
-162 -
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 163 
73. Pan, J., Leygraf, C., Thierry, D., and Ektessabi, A. M.: Corrosion 
resistance for biomaterial applications of Ti02 films deposited on titanium 
and stainless steel by ion-beam-assisted sputtering. J Biomed Mater Res. 
35:309-318, 1997. 
74. Park, J. Y. and Davies, J. E.: Red blood cell and platelet interactions with 
titanium implant surfaces. Clin. Oral Implants. Res. 11 :530-539, 2000. 
75. Park, J. Y., Gemmell, C. H., and Davies, J. E.: Platelet interactions with 
titanium: modulation of platelet activity by surface topography. 
Biomaterials. 22:2671-2682, 2001. 
76. Ruddell, D. E., Thompson, J. Y., and Stoner, B. R.: Mechanical 
properties of a dental ceramic coated by RF magnetron sputtering. J. 
Biomed. Mater. Res. 51:316-320, 2000. 
77. Saito, Y., Minami, K., Kobayashi, M., Nakao, Y., Omiya, H., Imamura, H., 
Sakaida, N., and Okamura, A.: New tubular bioabsorbable knitted airway 
stent: biocompatibility and mechanical strength. J. Thorac. Cardiovasc. 
Surg. 123:161-167,2002. 
78. Schwartz, Z. and Boyan, B. D.: Underlying mechanisms at the bone-
biomaterial interface. J Cell Biochem. 56:340-347, 1994. 
79. Schwartz, Z., Kieswetter, K., Dean, D. D., and Boyan, B. D.: Underlying 
mechanisms at the bone-surface interface during regeneration. J. 
Periodontal Res. 32:166-171,1997. 
80. Sinha, P., Poland, J., Schnolzer, M., and Rabilloud, T.: A new silver 
staining apparatus and procedure for matrix-assisted laser 
desorption/ionization-time of f1ight analysis of proteins after two-
dimensional electrophoresis. Proteomics. 1 :835-840, 2001. 
-163 -
Chapter 5 - A Technique for Isolating Surface Chemistry without .. , 164 
81. Staia, M. H., Lewis, B., Cawley, J., and Hudson, T.: Chemical vapour 
deposition of TiN on stainless steel. Surface and Coatings Technology. 
76-77:231-236, 1995. 
82. Suka, T.: [Experimental study on biomaterials coated with titanium-nitride 
ceramic for orthopedies]. Nippon Seikeigeka Gakkai Zasshi. 60:637-647, 
1986. 
83. Tan, J. and Saltzman, W. M.: Topographical control of human neutrophil 
motility on micropatterned materials with various surface chemistry. 
Biomaterials. 23:3215-3225, 2002. 
84. Treglio, J. R., Tian, A. F., and Perry, A. J.: Low-temperature deposition of 
titanium nitride. Surface and Coatings Technology. 76-77:815-820,1995. 
85. van Dijk, K., Gupta, V., Yu, A. K., and Jansen, J. A.: Measurement and 
control of interface strength of RF magnetron-sputtered Ca-PO coating on 
Ti-6AI-4V substrates using a laser spallation technique. J Biomed Mater 
Res. 41 :624-632, 1998. 
86. van Dijk, K., Maree, C. H., Verhoeven, J., Habraken, F. H., and Jansen, 
J. A.: A complete characterization of Ca5(P04)30H sputter-deposited 
films by ion beam analysis: RBS and ERD. J. Biomed. Mater. Res. 
42:266-271, 1998. 
87. Vercaigne, S., Wolke, J. G., Naert, 1., and Jansen, J. A.: A histological 
evaluation of Ti02-gritblasted and Ca-P magnetron sputter coated 
implants placed into the trabecular bone of the goat: Part 2. Clin. Oral 
Implants. Res. 11 :314-324, 2000. 
88. Wagner, W. C.: A brief introduction to advanced surface modification 
technologies. J. Orallmplantol. 18:231-235, 1992. 
- 164-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 165 
89. Wang, C. X., Chen, Z. Q., Wang, M., Liu, Z. Y., and Wang, P. L.: lon-
beam-sputtering/mixing de position of calcium phosphate coatings. 1. 
Effects of ion-mixing beams. J. Biomed. Mater. Res. 55:587-595, 2001. 
90. Ward, L. P., Subramanian, C., Strafford, K. N., and Wilks, T. P.: Sliding 
wear studies of selected nitride coatings and their potential for long-term 
use in orthopaedic applications. Proc. Inst. Mech. Eng [H. ]. 212:303-315, 
1998. 
91. Webb, A, Clark, P., Skepper, J., Compston, A, and Wood, A.: Guidance 
of oligodendrocytes and their progenitors by substratum topography. J 
Ce" Sci. 108 ( Pt 8):2747-2760, 1995. 
92. Wisbey, A, Gregson, P. J., and Tuke, M.: Application of PVD TiN coating 
to Co-Cr-Mo based surgical implants. Biomaterials. 8:477-480, 1987. 
93. Wojciak-Stothard, B., Curtis, A., Monaghan, W., MacDonald, K., and 
Wilkinson, C.: Guidance and activation of murine macrophages by 
nanometric scale topography. Exp. Ce" Res. 223:426-435,1996. 
94. Wojciak-Stothard, B., Curtis, A S., Monaghan, W., McGrath, M., 
Sommer, 1., and Wilkinson, C. D.: Role of the cytoskeleton in the reaction 
of fibroblasts to multiple grooved substrata. Ce" Motil Cytoskeleton. 
31 :147-158, 1995. 
95. Wolke, J. G., van der Waerden, J. P., De Groot, K., and Jansen, J. A: 
Stability of radiofrequency magnetron sputtered calcium phosphate 
coatings under cyclica"y loaded conditions. Biomaterials. 18:483-488, 
1997. 
96. Wolke, J. G., van Dijk, K., Schaeken, H. G., De Groot, K., and Jansen, J. 
A.: Study of the surface characteristics of magnetron-sputter calcium 
phosphate coatings. J. Biomed. Mater. Res. 28:1477-1484, 1994. 
- 165-
Chapter 5 - A Technique for Isolating Surface Chemistry without ... 166 
97. Wong, M., Eulenberger, J., Schenk, R., and Hunziker, E.: Effect of 
surface topology on the osseointegration of implant materials in trabecular 
bone. J Biomed Mater Res. 29:1567-1575, 1995. 
98. Yang, C. Y., Wang, B. C., Lee, T. M., Chang, E., and Chang, G. L.: 
Intramedullary implant of plasma-sprayed hydroxyapatite coating: an 
interface study. J Biomed Mater Res. 36:39-48,1997. 
99. Zhang, F., Zheng, Z., Chen, Y., Liu, X., Chen, A., and Jiang, Z.: ln vivo 
investigation of blood compatibility of titanium oxide films. J. Biomed. 
Mater. Res. 42:128-133, 1998. 
100. Zitzmann, N. U., Abrahamsson, 1., Berglundh, T., and Lindhe, J.: Soft 
tissue reactions to plaque formation at implant abutments with different 
surface topography. J. Clin. Periodontol. 29:456-461, 2002. 
- 166-
Chapter 6 - The Relative Contributions of 
Chemistry and Topography to the 
Osseointegration of Hydroxyapatite 
Coatings 
This chapter examines the role of topography and chemistry in the 
osseointegration of a common orthopaedic material, hydroxyapatite (HA). HA is 
commonly applied as a coating to the surface of cementless orthopaedic 
implants. 
It is generally assumed that the osseous response to HA is a result of its 
chemical similarity to the minerai phase of bone. However, the application of HA 
produces a rough irregular surface that is comparable to textured implants that 
also share a similar osseous response. 
The addition of a HA coating to an implant raises its cost, may increase wear at 
the bearing couple and the coating may also resorb over time. Quantifying the 
contribution of both chemistry and topography to the osseous response with HA 
coated implants would provide valuable information related to its utility. If it's 
mechanism of action is largely a result of surface topography then the argument 
for replacing HA coating with textured implant surfaces that are cheaper to 
produce, do not resorb and do not increase the probability of wear at the bearing 
couple is valid. Furthermore if the specifie surface morphology of an HA eoated 
surface is beneficial, this may lead to optimization of the surface morphology of 
textured implants. 
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6.1 Abstract 
The purpose of the current study was to ascertain the relative contributions of 
surface chemistry and topography to the osseointegration of hydroxyapatite 
coated implants. A canine femoral intramedullary implant model was used to 
compare the osseous response to commercially pure titanium implants that were 
either polished, grit-blasted, plasma-sprayed with hydroxyapatite or plasma-
sprayed with hydroxyapatite and masked with a very thin layer of titanium using 
physical vapor deposition (titanium-mask). The titanium-mask isolated the 
chemistry of the underlying hydroxyapatite layer without functionally changing its 
surface topography and morphologie features. At 12 weeks, the bone-implant 
specimens were prepared for undecalcified thin section histologie evaluation and 
seriai transverse sections were quantified with backscatlered scanning electron 
microscopy for the percentage of bone apposition to the implant surface. Bone 
apposition averaged 3% for the polished implants and 23% for the grit blasted 
implants. Bone apposition to the hydroxyapatite coated implants averaged 74% 
whereas bone apposition to the titanium-mask implants averaged 59%. Although 
there was significantly greater osseointegration with the hydroxyapatite coated 
implants, 80% of the maximum bone forming response to the implant surfaces 
developed with the titanium-mask implants. This simple, controlled experiment 
revealed that topography is the dominant factor governing bone apposition to 
hydroxyapatite coated implants. 
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6.2 Introduction 
During the past 2 decades, advances in the development of noncemented hip 
implants and surgical techniques have rendered noncemented total hip 
arthroplastya highly successful procedure.2,7,17,30,40 However, there is persistent 
research focus on the reliability or rate and extent of osseointegration (defined as 
the direct apposition of bone, resolved at the light microscope level) because the 
results are not always reproducible and stable fixation of the implant is not always 
achieved.8,9 This particularly is true in revision surgery where bone stock and 
healing potential often are compromised. Fixation failure often may be related to 
issues su ch as the general implant design, the surgical technique, initial implant 
stability, and the disease process.18,21,32,48 However, it also may be attributable to 
the interaction between bone and implant at a very local, microscopic level. 
Implant surface chemistry and topography are crucial to implant design yet their 
precise influence on tissue response and implant fixation is not fully understood. 
One approach to increase the likelihood of osseointegration has been to coat 
implant surfaces with various calcium phosphate formulations. 1,12,16,23,52 These 
coatings typically are either of hydroxyapatite or tricalcium phosphate or a 
combination of both. Because of their finite dissolution rate, they are often 
described as being bioactive by providing a supplementary source of Ca and P 
for incorporation into ossifying bone in the immediate peri-implant 
environment.16,23-25,35,47,52 The compositional or chemical similarity of 
hydroxyapatite to bone generally is accepted as the most suitable explanation for 
its biocompatibility and osteoconductive properties. 16,23-25,52 However, 
notwithstanding inferences to bioactivity and the possibility of chemical bonding, 
the exact nature of the interaction between calcium phosphate coatings and bone 
is not completely known. 14 
A very different approach relies on surface topography (microtexture) instead of 
chemistry to encourage bone apposition. Unlike hydroxyapatite coated implants, 
microtextured titanium implants present a chemically stable bioinert surface of 
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titanium oxide to the peri-
implant environment. Implants 
with microtextured surfaces, 
such as those created by 
corundumization or grit 
blasting, possess irregular 
surface features on the order 
of only several micrometers 
and as such are very different 
from porous implant coatings 
with pore openings of several 
hundred micrometers.17,21 
A A A~ 1 A 7fj\FAl\i-
or t 
l, l ,1 
R. 
B 
Figure 6.1 - Schematic representations of (A) Ra, and 
(B) Rz are shown, Ra is the mean abso/ute value of 
the deviations from the mean roughness (dotled fine) 
to the surface peaks and val/eys (so/id fine) a/ong a 
Despite their limited potential for mechanical interlock with new bone compared 
with porous coatings designed for bone ingrowth, these microtextured implants 
have been shown experimentally and clinically (under the right conditions of 
stability) to become osseointegrated and rigidly fixed by bone apposition or 
ongrowth.20,43,54,58,60,61,63,64 
Interestingly, with functional and nonfunctional implants, the bone response to grit 
blasted titanium surfaces can be remarkably similar to that which occurs with 
hydroxyapatite coated implants,13,33,38,52,53,55 Although the topographies of these 
metallic and ceramic surfaces can be similar, the surface chemistries are 
different. Both surfaces can enhance osteoconduction along the implant surface 
in the form of a thin neocortex and promote the filling of substantial gaps between 
implant and bone.52,53,55 This raises the provocative question of which factor, 
surface chemistry or surface topography, is more important for the stimulation 
and regulation of bone formation at the hydroxyapatite-bone interface? This 
question is prompted by two observations. 
The first observation is that the surface roughness of grit blasted titanium 
implants and hydroxyapatite plasma sprayed coatings is similar. Surface texture 
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can be expressed by parameters such as Rz (mean size of the five highest 
peaks) but is most commonly quantified and expressed in terms of the parameter 
Ra, the average departure from the centerline between the surface peaks and 
valleys (Figure 6.1). Plasma sprayed hydroxyapatite coatings generally possess 
a surface roughness of Ra = 3 to 8 Ilm and grit blasted titanium implants used in 
total hip arthroplasty generally possess an Ra in the range of 3 to 5 Ilm.15,29.40.49,64 
The second observation is the positive or osteoconductive tissue response that 
has been described in the context of grit blasted titanium implants and plasma 
sprayed hydroxyapatite coatings. Interestingly, several studies have been unable 
to show a difference in response to microtextured implant surfaces with and 
without hydroxyapatite coating. 19,51,62 ln an 8-year study of 1,202 implants, 
Wheeler62 found no statistically significant differences in survival rates between 
dental implants that had either hydroxyapatite or grit blasted titanium surfaces. 
Similarly, Evans et al19 found no significant difference in the clinical, histologic 
and radiographic outcomes of load bearing dental implants with or without 
hydroxyapatite coatings. In a matched pair analysis of hydroxyapatite coated and 
titanium plasma sprayed cementless femoral stems, Rothman et al51 found no 
clinical or radiographic advantage to the use of hydroxyapatite in primary total hip 
arthroplasty. 
Aiso of interest is the evidence that surface topography alone has a profound 
effect on osteoblast differentiation and bone formation. Comparisons of identical 
titanium substrates differing only in surface roughness (Ra) have shown 
significantly different effects on osteoblast behavior in in vitro and in vivo 
studies.27,28,61,63 These studies have demonstrated that surface topography has a 
significant and predictable effect on osteoblast behavior. Much of the basic 
experimental work involving grit blasted titanium implant surfaces has involved 
cell culture studies. Studies of a range of surface roughnesses have determined 
that a broad range of ceU types show activity that is specific to substrate 
topography.3,6,31,36,56 ln vitro studies have shown that smooth surfaces (Ra < 0.5 
Ilm) do not stimulate osteoblastic activity characteristic of bone formation; 
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however, osteoblasts are responsive to surfaces with an Ra ranging from 
approximately 1 to 7 ~m.10,44 Osteoblasts cultured on surfaces with an Ra 
ranging from 1 to 7 ~m have increased adherence, induction of metabolic activity, 
and the release of pote nt osteoinductive extra cellular factors36 such as PG-E2 
and TGF_B1.40,46 Grossner-Schreiber et al27 showed that avian osteoblasts 
formed calcified nodules on grit blasted titanium surfaces with an Ra of 
approximately 1.5 ~m and not on polished surfaces with an Ra of approximately 
0.30 ~m. Perhaps the most convincing demonstration of the effect of surface 
topography versus surface chemistry on cell behavior is the work of Curtis et al11 
who showed that on surfaces with both chemical and topographical patterns 
opposed to each other at 90°, nanometer-sized topographical patterns overrode 
cellular influences arising from the chemical patterning. They coined the term 
topographic reaction to describe these events. 
These in vitro studies have been corroborated by numerous in vivo and clinical 
studies showing that new bone forms on implant surfaces with an Ra of 2.8 to 6.7 
m 3,10,11,19,22,26,27,31,36,37,40,44,46,51,62 ~ . When placed in an osseous environment, 
stable implants with an Ra less than 0.4 ~m generally are apposed by fibrous 
tissue that results in a less rigid and therefore less optimal outcome in joint 
replacement.36 However, above this half micrometer threshold, surface 
microtexture stimulates a response that culminates in some degree of 
osseointegration. Surface topography also has been shown to modulate both the 
rate and pattern of bone formation. Wong et a163, Feighan et al20 and Wennerberg 
et a161 , ail have shown that the rate of bone apposition to finer textured surfaces 
is greater for early periods when compared to that for rougher textures. In a 
canine total hip arthroplasty model Hacking et al28 showed that surface texture 
influences the pattern (mean length of individual contact regions) of bone 
formation at the implant surface. 
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The use of joint replacement implants with hydroxyapatite coated or grit blasted 
titanium surfaces is prevalent worldwide; however, there has been little work that 
reconciles their generally accepted but presumably different mechanisms of 
osseointegration. It is essential to the process of implant design to resolve the 
relative contributions of surface chemistry and topography to the osseointegration 
of hydroxyapatite coated implants. There are also practical arguments for clearly 
distinguishing between these design parameters. Surface microtexturing 
generally does not involve heat treatments for bonding a coating to the substrate, 
thus eliminating issues related to local or bulk deleterious effects of heat treating 
on the implant. Because microtextured surface treatments are not additions to 
the substrate, there is no risk of particle de-bonding or coating dissolution that 
could cause loss of implant fixation or loose bodies that could damage the 
articulating surfaces and accelerate wear.45 Given the increasingly cost-
conscious c1imate of today's healthcare system, it also is notable that 
microtextured implants generally can be manufactured at reduced cost compared 
with porous or hydroxyapatite coated devices. 
Although there are many studies that aUest to the positive effect of 
hydroxyapatite coatings on osseointegration, this effect is invariably described 
and conclusions are made without an appropriate control surface that was 
normalized for surface topography and morphologie features. Given these 
fundamental and practical considerations, the purpose of the current study was to 
ascertain the relative contributions of surface chemistry and topography to the 
bone forming tissue response to hydroxyapatite coated implants using an in vivo 
canine implant model. The study hypothesis was that surface topography is the 
dominant factor influencing bone formation at an implant surface. 
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6.3 Materials and Methods 
6.3.1 Physical Vapor Deposition of Ultra Thin Titanium Film (Titanium 
Mask) 
Because of differences in 
manufacturing and material 
properties it has only been Ti Mask < 100 nm 
possible to approximate the 
surface topography of 
hydroxyapatite coated 
implants with grit blasted 
titanium implants. Because 
subtle differences in surface 
topography and morphologie 
features can have a 
significant effect on ce Il 
behavior, this inability to 
precisely match surface 
topography has been the 
prime confounding variable in 
comparisons of the effects of 
Hydroxyapatite 1 non-
hydroxyapatite surfaces on 
peri-implant cell differentiation 
and tissue formation. A key 
element in the current 
approach to determining the 
relative influence of surface 
chemistry and topography 
was the development of a new 
Figure 6.2 - (A) Schema tic representation (not to scale) 
of an osteoblast on a titanium-mask hydroxyapatite 
surface. The titanium-mask (black) intimately fo/lows the 
surface contours and isolates the underlying 
hydroxyapatite. (B) Scanning electron micrograph of a 
polished Ti surface with an ultra thin titanium film applied 
by plasma vapor deposition is shown. Arrow delineates 
the junction between the coated and non coated regions. 
The thinness of the coating and the persistence of 
original surface scratches from the polishing pro cess can 
be seen. 
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technique for isolating (masking) implant surface chemistry without altering 
topography. This was accomplished by applying at the atomic level, a dense, 
homogeneous and extremely thin film « 100 nm) of commercially pure titanium 
to the hydroxyapatite substrate (Figure 6.2) by physical vapor deposition. The 
physical vapor deposition process is commonly used for the production and 
deposition of thin films in the electronics industry and films produced in this 
manner are hard and resistant to abrasion and chemical attack. 34,42,50 
6.3.2 Femoral Intramedullary Implants 
Figure 6.3 - Photograph shows the canine femoral intramedullary rods. (A) polished, (B) grit 
blasted titanium, (C) hydroxyapatite, (0) titanium-mask. 
Twenty commercially pure titanium cylindrical implants 9 cm long and 0.9 cm in 
diameter were manufactured (Implex Corp, Allendale, NJ) for surgical placement 
within the femoral intramedullary canal of experimental mongrel dogs (Figure 
6.3). Four different implant groups were prepared according to surface 
treatment. Four of the intramedullary rods were polished after machining 
(polished). Four rods were microtextured using industry standard alumina-oxide 
- 176-
Chapter 6 - The Relative Contributions of Chemistry ... 177 
grit blasting techniques (grit blasted titanium). Six rods were grit blasted and 
subsequently plasma sprayed with a layer of hydroxyapatite using industry 
standard techniques (hydroxyapatite). A final group of six rods was grit blasted, 
hydroxyapatite coated, and then chemically masked with a thin physical vapor 
deposition film of commercially pure titanium as described above (titanium-mask). 
The in vivo studies were used to assess the tissue responses to surfaces of 
identical topography and morphologie features that exposed either hydroxyapatite 
or commercially pure titanium (titanium-mask group) to the bone environment. In 
addition, the polished and grit blasted titanium groups served as controls for 
comparisons of tissue response. Ali implants were sterilized by gamma 
irradiation. 
6.3.3 Canine Intramedullary Model 
A simple canine femoral intramedullary implant model was devised for examining 
the tissue response to nonload bearing implants in an environment similar to that 
of a cementless femoral stem. Prior studies with such intramedullary implants 
possessing microtextured surfaces have shown that a mature osseous response 
develops within 12 weeks of surgery.20,28 This period therefore was selected for 
the in vivo studies. There were two surgical groups of dogs. In the test group 
(different chemistry same surface morphology), one hydroxyapatite rod and one 
titanium-mask rod were inserted bilaterally into the femurs of six dogs. In the 
control group (same chemistry, different topography), one polished titanium rod 
and one grit blasted titanium rod were inserted bilaterally into the femurs of four 
dogs. 
A small lateral incision was made over the greater trochanter, a pilot hole was 
created in the piriformis fossa, the intramedullary canal was reamed 
progressively up to 9 mm, and the implant was tapped into position. The implant 
and dog sizes (30-35 kg) were selected to ensure a relatively loose fit of the rods 
within the intramedullary canal. This served to minimize contact with the 
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endosteal canal to test the surfaces under more demanding conditions of ppor fit. 
Bilateral implantations were done at the same surgical setting (Figure 6.4). Ali 
dogs returned to normal weight bearing shortly after implantation. 
6.3.4 Characterization of Implant Surfaces 
Figure 6.4 - Contact radiograph is shown of explanted bilateral femora of two dogs depicting 
the typical placement of the intramedullary rods (A) polished (B) grit blasted titanium, (C) 
hydroxyapatite, (0) titanium-mask. 
6.3.4.1 Implant Topography 
Scanning electron micrographs of ail implant surfaces were obtained to provide a 
qualitative impression of surface topography. In addition, topography was 
quantified using a Wyko NT 2000 (Veeco, Rochester, NY) non-contact optical 
profiler. Three regions from each of three implants of each type were analyzed. 
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6.3.4.2 Surface Chemistry 
Surface chemical analysis was done using x-ray photoelectron spectroscopy. Ali 
measurements carried out using a dual-anode source in a VG Escalab MKII 
instrument (Thermo VG Scientific, Beverly, MA) with nonmonochromatized Mg Ka 
radiation (hv = 1253.6 eV) operated at 20 mA and 15 kV. Survey spectra were 
obtained at 900 from the sample surface using a pass energy of 100 eV, 1.0 eV 
steps, and a 15 mm x 6 mm slit-width, which result in an analyzed surface area of 
3 mm x 2 mm. When present, specimen-charging effects were compensated by 
adjusting the binding energy of the survey spectra to fix the binding energy of the 
hydrocarbon peak at 285.0 eV. The concentration of each element was 
determined from the x-ray photoelectron spectroscopy signal area and the 
corresponding x-ray photoelectron spectroscopy atomic sensitivity factor relative 
to Fluorine 1 s electron. The sensitivity of the technique was 0.1 % at 100% and 
measurements below 0.2% were considered contaminant levels. 
Hydroxyapatite Coating 
Hydroxyapatite implants were coated using commercial grade plasma spray 
techniques (Implex Corp, Allendale, NJ). The process resulted in a 60 !lm thick 
hydroxyapatite coating that was 98% hydroxyapatite and 64% crystalline with a 
density of 99% and a calcium:phosphate ratio of 1.67. 
6.3.5 Physical Vapor Deposition of Titanium-Mask Film 
Multiple surface regions on three titanium-mask rods were analyzed by x-ray 
photoelectron spectroscopy to determine if the underlying hydroxyapatite Ca and 
P chemistry could be detected. In addition, hydroxyapatite rods (for the Ca and P 
profile) and commercially pure titanium rods (for the profile of a commercially 
pure titanium surface) and titanium-mask commercially pure titanium rods were 
analyzed to provide control profiles. 
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Also, the resistance to dissolution of the titanium-mask film used in this 
experiment was determined by immersing three hydroxyapatite and three 
titanium-mask rods in 500 ml of Ringer's lactate (Baxter Corp, Toronto, Ontario) 
for 90 days at 3]0 C. Aliquots were obtained at days 0,30, 60 and 90. Aliquots 
were analyzed by sequential inductively cou pied plasma spectrometer (Trace 
Scan, Jarrell-Ash Corp, Franklin, MA). Certified commercial standards (1000 
ppm) were used and subsequently diluted with deionized water. Standard 
concentrations bracketed the test samples. Two-Ievel standardization was used 
and Ca, P, and titanium compounds were used in the standard preparation. 
Detection limits for Ca and titanium by this system were in the range of 5 parts 
per billion. 
6.3.6 Histologie Analysis 
Implants were harvested in situ and prepared for undecalcified thin section 
histologic evaluation. The bone-implant specimens were stripped of soft tissue, 
fixed in 10% buffered formalin, photographed, and radiographed in multiple views 
using high-resolution film and a Faxitron x-ray apparatus (Hewlett-Packard, 
Boise, Id). Specimens were dehydrated in ascending solutions of ethanol, 
defatted in ether and acetone, vacuum infiltrated in polymethylmethacrylate 
monomer, and cured at room temperature into a hard acrylic block. 
Undecalcified thin sections approximately 1 mm thick were made at 1 cm 
intervals with a low-speed, low-deformation, diamond-bladed cut-off machine 
(Bue hier Corp, Markham, Ontario). High-resolution radiographs of the thin 
sections were obtained before additional analysis. 
The thin sections were prepared for backscattered scanning electron microscope 
imaging. This involved progressively polishing the bone-implant surface down to 
0.5 !-lm alumina grit, ultrasonically cleaning, drying and mounting on a stage, 
sputter coating with gold-palladium, and imaging in backscattered electron mode 
to produce a high resolution image of the uppermost several microns of the bone-
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implant interface. Using computer aided image analysis, regions of bone in direct 
contact with the implant surface were measured, summed and expressed as a 
percentage of the implant perimeter. One hundred and sixt Y histologie sections 
were analyzed for bone apposition. Differences in bone apposition between 
implant types were tested for statistical significance using paired and unpaired 
Student's t tests, with p < 0.05. 
6.4 Results 
Table 6.1 - Surface Topography Measurements of Femoral Implants 
Implant Type Ra ± standard deviation Rz ± standard deviation 
(JJm) (JJm) 
Polished titanium 0.09 ± 0.02 1.54 ± 0.40 
Grit blasted titanium 3.64 ± 0.72 42.88 ± 9.06 
Hydroxyapatite coated 5.58 ± 1.08 50.18 ± 5.69 
Titanium-mask 5.58 ± 1.10 50.18 ± 5.76 
6.4.1 Characterization of Implant Surfaces 
Scanning electron micrographs of the implant surfaces are shown in Figure 6.5 
and optical profilometry images are shown in Figure 6.6. The Ra and Rz values 
for the different implant surfaces are listed in Table 6.1. The surface roughness 
of the polished titanium rods was Ra = 0.09 ± 0.02 ~m. The grit blasted titanium 
rods had a surface roughness of Ra = 3.64 ± 0.72 ~m. These surface 
topographies were significantly different (p < 0.001). Surface roughness 
measurements of hydroxyapatite rods and titanium-mask rods yielded identical 
values of Ra = 5.58 ± 1.1 ~m. This confirmed that the titanium-mask did not alter 
the implant topography and enabled an equitable comparison of the tissue 
responses to the hydroxyapatite and titanium-mask surface chemistries (Figure 
6.6). The Rz (mean of five highest peaks or valleys) measurements revealed a 
very low value for the polished surface (1.5 ~m), a relatively high value for the grit 
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blasted titanium surface (42.9 Ilm) and identical values for the hydroxyapatite and 
titanium-mask surfaces (50.2 Ilm). The Rz values were approximately an order of 
magnitude greater than the Ra values. 
Figure 6.5 - Scanning electron micrographs of the implant surfaces (A) polished, (B) grit 
blasted titanium, (C) hydroxyapatite, (0) titanium-mask. There is apparent simi/arity between 
the hydroxyapatite and titanium-mask surfaces. 
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A 
c 
Figure 6.6 - Surface topography of the implants as imaged and quantified by the non-contact 
optica/ profilometer (A) po/ished, (8) grit b/asted titanium, (C) hydroxyapatite, (0) titanium-
mask. The differences in Ra between the polished and grit b/asted titanium surfaces and the 
similarities in Ra and surface morph%gy between the hydroxyapatite and titanium-mask 
surfaces are evident. 
6.4.2 Effectiveness of the Titanium-Mask 
The surface chemistry of the physical vapor deposition titanium-mask film was 
not significantly different from that of an uncoated commercially pure grit blasted 
titanium surface, a polished titanium surface or a titanium-mask grit blasted 
titanium surface. For the hydroxyapatite surfaces, 0 was detected at the highest 
level followed by C, Ca, and P (Figure 6.7). After analysis of multiple locations on 
different implants only trace amounts of Ca at contaminant levels (0.2%) were 
detected on the polished titanium rods. No Ca or P was detected on the grit 
blasted titanium or titanium-mask rods. 
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There was no detectable amount of titanium or increase in Ca or P concentration 
in solution from the titanium-mask rods that were immersed in Ringer's lactate at 
either 30, 60, or 90 days. The detection limit for Ti, Ca and P was 5 parts per 
billion. 
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Figure 6.7- Chemical composition is shown of a polished titanium and a grit blasted titanium 
implant (controls), a hydroxyapatite coated implant, and a titanium-mask implant. There are 
no significant differences between the polished titanium, grit blasted titanium and titanium-
mask surfaces. The titanium-mask completely isolated the underlying chemistry of the 
hydroxyapatite substrate. 
6.4.3 Radiographie and Histologie Findings 
After specimen harvest and soft tissue cleaning, the contact radiographs of the 
femurs revealed no obvious differences between the bone-implant interfaces of 
the hydroxyapatite and titanium-mask implants. Intramedullary bone around the 
hydroxyapatite and titanium-mask implants generally appeared more extensive 
and more dense than around the grit blasted titanium implants (Figure 6.4). 
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Figure 6.8 - SeriaI transverse sections of matched implant pairs are shown. (A) 
polished, (8) grit blasted titanium, (C) hydroxyapatite, (0) titanium-mask. Note 
the complete radiolucencies around many of the polished implant sections. 
Varying degrees of new intramedullary bone formation adjacent to most sections 
of the grit blasted titanium, hydroxyapatite and titanium-mask implants can be 
seen. 
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Radiographs of the transverse seriai sections and backscattered scanning 
electron microscope images revealed similar findings but with progressively more 
detail (Figures 6.8 & 6.9). There were no complete radiolucencies around any of 
the grit blasted titanium, hydroxyapatite, or titanium-mask implants. Two grit 
blasted titanium implants had regions of incomplete radiolucencies on several of 
the transverse sections. New bone formation and/or densification of existing 
bone was clearly apparent adjacent to the surfaces of the grit blasted titanium, 
hydroxyapatite, and titanium-mask implants in nearly ail histologie sections and 
backscattered scanning electron microscope images. 
ln contrast to these findings, a thin radiolucent line was visible adjacent to ail 
polished titanium implants which was readily apparent in transverse seriai 
sections and backscattered scanning electron microscope images (Figures 6.8 & 
6.9). This radiolucency extended around virtually the entire implant in every 
case. 
- 186-
Chapter 6 - The Relative Contributions of Chemistry ... 187 
Figure 6.9 - Backscattered scanning electron micrographs of representative transverse 
sections of (A) polished, (B) grit blasted titanium, (C) hydroxyapatite, (0) titanium-mask 
implants show the typical osseous response and bone apposition. 
6.4.4 Quantification of Bone Apposition 
Considering ail of the backscaUered scanning electron microscope images from 
the transverse histologie sections, bone apposition to the hydroxyapatite rods 
averaged 73.6% ± 22.7 % whereas bone apposition to the titanium-mask rods 
averaged 59.1 % ± 26.2 % (Figure 6.10). Paired analysis indicated this difference 
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was statistically significant (p = 0.002). Bone apposition to the grit blasted 
titanium rods averaged 23.0 % ± 11.0 %, statistically significantly less than 
apposition to the hydroxyapatite (p < 0.0001) and titanium-mask rods (p < 
0.0001). Bone apposition to the polished titanium rods averaged 2.8% ± 2.0%, a 
statistically lower value than measured for the hydroxyapatite (p < 0.0001), 
titanium-mask (p < 0.0001), and grit blasted titanium rods (p < 0.0001, paired 
analysis). 
6.5 Discussion 
The essence of the current 
study was the use of a novel, 
ultra-thin physical vapor 
deposition titanium film that 
effectively masked or isolated 
the underlying hydroxyapatite 
chemistry without functionally 
altering its topography. The 
titanium-mask technique 
enabled the first direct and 
equitable comparison of 
surface chemistry and surface 
topography and the discovery 
of their respective 
contributions to implant 
osseointegration. On 
p"'O.OO2 
100 73~ 
90 59.1% 
c: 80 
0 
E 70 
fil 
0 60 0.. 
0.. 
« 50 
Cl) 40 c: 
0 
al 30 
~ (; 20 
10 
0 
Pol li GB li Hydroxyapatite li Mask 
Femoral Implants 
Figure 6.10 - Graphical representation of the 
quantitative data on bone apposition to the polished, grit 
blasted titanium, hydroxyapatite and titanium-mask 
implant surfaces is shown. Apposition to the titanium-
mask implants was 80% of the apposition to 
hydroxyapatite implants (59n4 x 100%). 
average, the hydroxyapatite implants showed statistically significantly more bone 
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apposition than the titanium-mask implants, but the mean difference was not very 
large. Approximately 80% of the maximum bone appositional response to the 
intramedullary implants (59/74 x 100%) was due to the surface topography of 
bioinert titanium, without influence from the bioactive hydroxyapatite chemistry. 
This represents new and compelling information about the fundamental 
parameters governing osseointegration, derived from a simple experiment that 
was strictly controlled for ail variables but that of surface chemistry. 
No Ca or P was detected on the titanium-mask implant surfaces with numerous 
x-ray photoelectron spectroscopy surface scans of the upper 10 nanometers of 
the titanium-mask film. This confirmed that the titanium-mask effectively isolated 
the hydroxyapatite chemistry from the surrounding environment. The durability 
and protective nature of the titanium-mask also was shown by a lack of 
detectable titanium dissolution or escape of Ca or P in a simulated in vivo 
environ ment as long as 90 days. In addition, the titanium-mask surface 
chemistry was not significantly different from that of a polished titanium implant, 
grit blasted titanium implant or a titanium-mask titanium implant. The results from 
the topographie analysis of the hydroxyapatite and titanium-mask samples also 
confirmed that the physical vapor deposition titanium film did not alter the surface 
topography in any significant manner. 
The control data derived from the comparison between the polished and grit 
blasted titanium surfaces also were instructive. They confirmed that very smooth 
implant surfaces generally are not apposed by osseous tissue and that grit 
blasted surfaces are conducive to substantial bone formation and apposition. 
These are not new findings but were important to show in the context of the sa me 
experimental model used for the hydroxyapatite and titanium-mask implants. 
Interestingly, there was approximately a three-fold difference in bone apposition 
between grit blasted and hydroxyapatite implants (23% versus 74%, respectively) 
in this study. The most likely expia nation for this was the difference in surface 
topography between grit blasted titanium (Ra = 3.6 !-lm) and hydroxyapatite (Ra = 
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5.6 IJm) surfaces. In most prior studies comparing implants with grit blasted and 
hydroxyapatite surfaces, substantially more bone formation also has been 
documented adjacent to the hydroxyapatite surfaces.4.19.23.25.39.52.55.57 However, 
because plasma-sprayed hydroxyapatite implants generally have a rougher 
surface and different morphologic features than grit blasted implants, not 
controlling for surface topography has confounded prior conclusions regarding 
the effect of hydroxyapatite chemistry on osseointegration.25.26.39,52 The finding of 
increased bone apposition to hydroxyapatite surfaces in uncontrolled 
experiments, repeated over time in numerous studies, has led to a widely 
accepted premise about the importance of hydroxyapatite chemistry for 
osseointegration.4.19.25,26,39,52.55,57 The results of the current study clearly indicate 
that this premise is somewhat exaggerated. It is worth noting, separate from the 
principal finding of this study, that the plasma spray technique used for the 
hydroxyapatite coatings resulted in a surface topography and morphologic 
features that were highly effective for osseointegration, much more so than 
obtained with grit blasting (59% versus 23% bone apposition, comparing titanium-
mask with grit blasted titanium surfaces). 
Sorne comparisons of hydroxyapatite and nonhydroxyapatite surfaces that have 
been reasonably matched for topography have reported equivocal bone 
apposition results. This is apparent in the study of Carlsson et al. 5 who compared 
non-Ioad bearing hydroxyapatite coated implants and microtextured titanium 
implants, approximately matched for surface roughness, in the human arthritic 
knee. They found no significant difference in the tissue reaction and fixation 
strength to the topographically related but chemically different surfaces, The 
results led them to postulate that surface topography may be more important for 
osseointegration than surface chemistry. 
ln a comparison of uncoated and hydroxyapatite coated grit blasted titanium 
implants in the medial condyle of the canine knee where controlled micromotion 
was introduced, S0balle et al.53 reported that there was significantly more fibrous 
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tissue and less bone adjacent to the grit blasted titanium than the hydroxyapatite 
implants. The implants were approximately matched for surface topography (grit 
blasted titanium Ra = 4.1 Ilm, hydroxyapatite Ra = 4.7 Ilm). However, when 
micromotion ceased, fibrous tissue was replaced by bone for both implants and 
no significant differences in either bone apposition or fixation strength 
subsequently were measured. 
A final note concerning implant surface features is that standard methods of 
quantitying topography may not be sufficient for describing the parameters that 
are important, and more specifically, optimal for stimulating osteoblastic activity. 
It is clear from a preponderance of literature that osteoblasts and their precursor 
cells are exquisitely sensitive to subtle changes in surface 
architecture.3,6,1o,11,27,28,31,36,40,44,46,61,63 It may be that the morphologic features of 
the surface, that is, not just the sizes of the peaks and valleys, but as yet 
undefined characteristics of individual features su ch as their spatial distribution or 
radii or curvature is just as important as the sizing parameters. This clearly is an 
important area for future research and understanding. 
The current study quantified the relative contributions of surface chemistry and 
topography to the osseointegration of hydroxyapatite-coated implants. The 
results clearly support the study hypothesis, namely that topography is the 
dominant factor governing new bone apposition. This is not to suggest that 
hydroxyapatite chemistry is inconsequential to the osseous response, but that it 
may be of much less benefit than previously thought. Using the titanium-mask 
technique it will be helpful to evaluate this finding in the context of other models 
that incorporate different time periods, different calcium phosphate coating 
chemistries and topographies, bone-implant gaps, and bone-implant 
micromotion. 
The implications of this finding are wide ranging. It means that many previous 
experimental and clinical studies citing the positive effects of hydroxyapatite 
coatings have to be critically reviewed and reconsidered with a new perspective. 
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It also means that future studies of this type have to maintain absolute control 
over topography and morphologie features if implant chemistry is to be evaluated 
for its bone response in an implant model or surgical application. It will no longer 
suffice to approximately match surfaces for topography; this variable now must 
be eliminated in study design, not just casually addressed. In addition to these 
considerations are the practical issues relating to the manufacturing techniques 
of different implant surfaces and their relative cost, reliability, and benetit to 
osseointegration. Advantage may weil be gained in the future by more deeply 
exploring and developing simple and cost-effective methods for surface texturing 
of orthopaedic implants that utilize the principles elucidated in this study. 
6.6 Acknowledgments 
The autho[s are grateful for the manufacture and donation of the intramedullary 
implants by Implex Corp, Allendale, NJ, for provision of the plasma vapor 
deposition titanium coatings by Fused Metals Inc, Georgetown, Ontario, Canada, 
and for tinancial assistance from the Canadian Institutes of Health Research. 
- 192-
Chapter 6 - The Relative Contributions of Chemistry ... 193 
6.7 References 
1. Bauer TW, Geesink RC, Zimmerman R, McMahon JT:Hydroxyapatite-coated 
femoral stems. Histological analysis of components retrieved at autopsy. J 
Bone Joint Surg 73A:1439-1452, 1991. 
2. Blaha DJ, Grappiolo G, Gruen TA, Spotorno L:Five to eight-year follow-up of a 
cementless, press fit non bone ingrowth total hip stem, Trans Am Acad 
Orthop Surg, 76, 1993. 
3. Brunette DM:The effects of implant surface topography on the behavior of 
cells. Int J Oral Maxillofac Implants 3:231-246,1988. 
4. Buser D, Schenk RK, Steinemann S, et al:lnfluence of surface characteristics 
on bone integration of titanium implants. A histomorphometric study in 
miniature pigs. J Biomed Mater Res 25:889-902, 1991. 
5. Carlsson L, Regnér L, Johansson C, GoUlander M, Herberts P: Bone response 
to hydroxyapatite-coated and commercially pure titanium implants in the 
human arthritic knee. J Orthop Res 12:274-285, 1994. 
6. Clark P, Connolly P, Curtis ASG, Dow AJT, Wilkinson CDW:Topographical 
control of cell behavior 1: Simple step cues. Development 99:439-448,1987. 
7. Collier JP, Mayor MB, Chae JC, et al:Macroscopic and microscopic evidence 
of prosthetic fixation with porous-coated materials. Clin Orthop 235:173-180, 
1988. 
8. Cook SD, Barrack RL, Thomas KA, Haddad Jr RJ:Quantitative analysis of 
tissue growth into human porous total hip components. J Arthroplasty 3:249-
262,1988. 
-193 -
Chapter 6 - The Relative Contributions of Chemistry ... 194 
9. Cook SD, Thomas KA, Barrack RL, Whitecloud TS:Tissue growth into porous-
coated acetabular components in 42 patients: Effects of adjunct fixation. Clin 
Orthop 283:163-170,1992. 
10. Curtis A, Clark P: The effects of topographical and mechanical properties of 
materials on cell behavior. CRC Crit Rev Biocompatibil 5:343-362, 1990. 
11. Curtis A, Wilkinson C: New depths in cell behaviour: Reactions of cells to 
nanotopography. Biochem Soc Symp 65:15-26, 1999. 
12. D'Antonio JA, Capello WN, Manley MT, Geesink R: Hydroxyapatite femoral 
stems for total hip arthroplasty: 10- to 13-year follow up. Clin Orthop 393:101-
111,2001. 
13. Dalton JE, Cook SD, Thomas KA, Kay JF: The effect of operative fit and 
hydroxyapatite coating on the mechanical and biological response to porous 
implants. J Bone Joint Surg 77A:97-110, 1995. 
14. Davies JE, Baldan N:Scanning electron microscopy of the bone-bioactive 
implant interface. J Biomed Mater Res 36:429-440,1997. 
15. Delaunay CP, Kapandji AL: Primary total hip arthroplasty using the 
Zweymuller first generation prosthesis. J Arthroplasty 11 :643-652, 1996. 
16. Ducheyne P:Bioactive ceramics (editorial). J Bone Joint Surg 76B:861-862, 
1994. 
17. Engh CA, Bobyn JD, Glassman AH: Porous coated hip replacement: The 
factors governing bone ingrowth, stress shielding and clinical results. J Bone 
Joint Surg 69B:45-55, 1987. 
- 194 -
Chapter 6 - The Relative Contributions of Chemistry ... 195 
18. Engh CA, Hooten JP, Zettl-Schaffer KF, et al: Porous coated total hip 
replacement. Clin Orthop 298:89-96, 1994. 
19. Evans GH, Mendez AJ, Caudill RF:Loaded and nonloaded titanium versus 
hydroxyapatite-coated threaded implants in the canine mandible. Int J Oral 
Maxillofac Imp 11 :360-371 ,1996. 
20. Feighan JE, Goldberg VM, Davy D, Parr J, Stevenson S:The influence of 
surface-blasting on the incorporation of titanium-alloy implants in a rabbit 
intramedullary model. J Bone Joint Surg 77A:1380-1395, 1995. 
21. Friedman RJ, Black J, Galante JO, Jacobs JJ, Skinner HB:Current concepts 
in orthopaedic biomaterials and implant fixation. J Bone Joint Surg 75A:1086-
1090,1993. 
22. Friedman RJ, Yuehuei HA, Ming J, Draughn RA, Bauer TW: Influence of 
biomaterial surface texture on bone ingrowth in the rabbit femur. J Orthop Res 
14:455-464, 1996. 
23. Geesink RGT, De Groot K, Klein CPAT:Chemical implant fixation using 
hydroxyl-apatite coatings. Clin Orthop Rel Res 225:147-170, 1987. 
24. Geesink R: Hydroxyapatite-coated total hip prostheses. Clin Orthop 261 :31-
58,1990. 
25. Geesink RGT, Manley MT, Eds. Hydroxylapatite Coatings in Orthopaedic 
Surgery. New York, Raven, 1993. 
- 195-
Chapter 6 - The Relative Contributions of Chemistry ... 196 
26. Gotfredsen K, Wennerberg A, Johansson C, Teil Skovgaard L, Hjorting-
Hansen E: Anchorage of Ti02 blasted, hydroxyapatite coated, and machined 
implants: An experimental study with rabbits. J Biomed Mater Res 29:1223-
1231, 1995. 
27. Groessner-Schreiber B, Tuan RS: Enhanced extracellular matrix production 
and mineralization by osteoblasts cultured on titanium surfaces in vitro. J Cell 
Science 101 :209-217, 1992. 
28. Hacking SA, Bobyn JD, Tanzer M, Krygier JJ: The osseous response to 
corundum blasted implant surfaces in a canine hip modal. Clin Orthop 
364:240-253, 1999. 
29. Hosip-Flor S, Lester KD: Human postmortem retrieval of total hip arthroplasty. 
J Arthroplasty 12:562-567, 1997. 
30. Huo MH, Martin RP, Zatroski LE, Keggi KJ: Total hip arthroplasty using the 
Zweymuller stem implanted without cement. J Arthroplasty 10:793-799,1995. 
31. Inoue T, Cox JE, Pilliar RM, Melcher AH: Effect of the surface geometry of 
smooth and porous- coated titanium alloy on the orientation of fibroblasts in 
vitro. J Biomed Mater Res 21:107-126,1987. 
32. Jasty M, Bragdon C, Burke D et al: ln vivo skeletal responses to porous-
surfaced implants subjected to small induced motions. J Bone Joint Surg 
79A:707-714, 1997. 
33. Jinno T, Goldberg VM, Davy D, Stevenson S: Osseointegration of surface-
blasted implants made of titanium alloy and cobalt-chromium alloy in a rabbit 
intramedullary model. J Biomed Mater Res 42:20-29, 1998. 
- 196-
Chapter 6 - The Relative Contributions of Chemistry ... 197 
34. Kasemo B, Lausmma J: Surface science aspects on inorganic materials. 
CRC Crit Rev Biocompatibil. 2:335-380, 1986. 
35. Kohn OH, Oucheyne P:Materials for Bone, Joint and Cartilage Replacement. 
ln: Materials Science and Technology - A Comprehensive Treatment. Cahn 
RW, Haasen P, Kramer EJ, Eds, VCH Verlagsgesellschaft, FRG, Vol 14, pp. 
29-109, 1992. 
36. Kônônen M, Hormia M, Kivilahti J, Hautaniemi J, Thesleff T:Effect of surface 
processing on the attachment, orientation, and proliferation of human gingival 
fibroblasts on titanium. J Biomed Mater Res 26: 1325-1341, 1992. 
37. Und M, Overgaard S, Soballe K, et al: Transforming growth factor-B1 
enhances bone healing to unloaded tricalcium phospahte coated implants: An 
experimental study in dogs. J Orthop Res 14: 343-350,1996. 
38. Luckey HA, Lamprecht EG, Walt MJ:Bone apposition to plasma-sprayed 
cobalt-chromium alloy. J Biomed Mater Res 26:557-575,1992. 
39. Maistrelli GL, Mahomed N, Fornasier V, et al:Functional osseointegration of 
hydroxyapatite-coated implants in a weight-bearing canine modal. J 
Arthroplasty 8:549-554, 1993. 
40. Mallory TH, Head WC, Lombardi AV, et al:Clinical and radiographic outcome 
of a cementless, titanium, plasma spray-coated total hip arthroplasty femoral 
component. J Arthroplasty 11 :653-660, 1996. 
41. Martin JY, Schwartz Z, Hummert TW, et al: Effect of titanium surface 
roughness on proliferation, differentiation, and protein synthesis of human 
osteoblast-like cells (MG63). J Biomed Mater Res 29:89-401, 1995. 
- 197 -
Chapter 6 - The Relative Contributions of Chemistry ... 198 
42. Maurer AM, Brown SA, Payer JH, Merritt K, Kawalec JS:Reduction of fretting 
corrosion of titanium-6AI-4V by various surface treatments. J Orthop Res 
11 :865-873, 1993. 
43. McCutchen JW, Collier JP, Mayor MB:Osseointegration of titanium implants 
in total hip arthroplasty. Clin Orthop 261 :114-125, 1990. 
44. Michaels CM, Keller JC, Stanford CM, Solursh M:ln vitro cell attachment of 
osteoblast like ce Ils to titanium. J Dental Res 68:276-282, 1989. 
45. Morscher EW, Hefti A, Aebi U:Severe osteolysis after third-body wear due to 
hydroxyapatite particles from acetabular cup coating. J Bone Joint Surg Br 
80:267 -272, 1998. 
46. Ninoyima JT, Struve JA, Abel, SM, Shetty RH, Un SD:Orthopedic implant 
surfaces induce gene expression and protein synthesis for mediators of bone 
resorption. Trans Orthop Res Soc, 22:737, 1997. 
47. Overgaard S, Bromose U, Und M, Bünger C, S0balle K:The influence of 
crystallinity of the hydroxyapatite coating on the fixation of implants. 
Mechanical and histomorphometric results. J Bone Joint Surg 81B:725-731, 
1999. 
48. Pilliar RM, Lee JM, Maniatopolous C:Observations on the effect of 
movements on bone ingrowth into porous-surfaced implants. Clin Orthop 
208:108-113, 1986. 
49. Robinson RP, Deysine GR, Green TM:Uncemented total hip arthroplasty 
using the CLS stem: A titanium alloy implant with a corundum blast finish. J 
Arthroplasty 11 :286-292, 1996. 
- 198-
Chapter 6 - The Relative Contributions of Chemistry ... 199 
50. Rogozin AF, Fontana RP: Reactive gas-controlled arc process. Trans Plasma 
Sei 25:82, 1997. 
51. Rothman RH, Hozack WJ, Ranwart A, Moriarty L:Hydroxyapatite-coated 
femoral stems. J Bone Joint Surg 78A:319-324, 1996. 
52. Soballe K:Hydroxyapatite ceramic coating for bone implant fixation. 
Mechanical and histological studies in dogs. Acta Orthop Scand 255:Suppl 1-
58,1993. 
53. Soballe K, Hansen ES, Brockstedt-Rasmussen H, et al:Gap healing 
enhanced by hydroxyapatite coating in dogs. Clin Orthop 272:300-307, 1991. 
54. Spotorno L, Romagnoli S, Ivaldo N, et al: The CLS system: Theoretical 
concepts and results. Acta Orthop Belg 59(SuppI1): 144-148, 1993. 
55. Stephenson PK, Freeman MAR, Reveil PA, Germain MT, Pirie CJ:The effect 
of hydroxyapatite coating on ingrowth of bone into cavities in an implant. J 
Arthroplasty 6:51-58,1991. 
56. Taylor SR, Gibbons DF:Effect of surface texture on the soft tissue response 
to polymer implants. J Biomed Mater Res 17:205-227, 1983. 
57. Thomas KA, Kay JF, Cook SD, Jarcho M:The effect of surface macrotexture 
and hydroxylapatite coating on the mechanical strengths and histologie 
profiles of titanium implant materials. J Biomed Mater Res 21: 1395-1414, 
1987. 
58. Wagner H, Wagner M: Conical Stem Fixation for Cementless Hip Prosthesis 
for Primary Implantation and Revision. In: Morscher EW (Ed), 
Endoprosthetics, New York, Springer Verlag 258-267, 1995. 
-199 -
Chapter 6 - The Relative Contributions of Chemistry ... 200 
59. Wang BC, Chang E, Yang CY:A histomorphometric study on osteoconduction 
and osseointegration of titanium alloy with and without plasma-sprayed 
hydroxyapatite coating using backscatlered electron images. J Mater Sci: 
Mater in Med 4:394-403, 1993. 
60. Weill D: The Cementless CLW System. In: Morscher EW (Ed), 
Endoprosthetics, New York, Springer Verlag 297-308,1995. 
61. Wennerberg A, Albretktsson T, Johanasson C, Andersson B:Experimental 
study of turned and grit-blasted screw shaped implants with special emphasis 
of blasting material and surface topography. Int J Oral Maxillofacial Implants 
11 :38-45, 1996. 
62. Wheeler S:Eight year clinical retrospective study of titanium plasma-sprayed 
and hydroxyapatite coated cylinder implants. Int J Oral Maxillofac Implants 
11 :340-350, 1996. 
63. Wong M, Eulenberger SR, Hunziker EB:Effect of surface topology on the 
osseointegration of implant materials in trabecular bone. J Biomed Mater Res 
29:1567-1575, 1995. 
64. Zweymuller K, Litner F, Bohm G:The development of a cementless hip 
endoprosthesis. In: Morsher EW (Ed), Endoprosthetics. New York, Springer 
Verlag. 309-325, 1995. 
- 200-
Chapter 7 - The Response to Surface 
Topography of Mineralizing Culture Systems 
Used in the Evaluation of Orthopaedic 
Biomaterials. 
ln vitro studies utilizing various cell types are often used in the primary evaluation 
of a biomaterial. Studies regarding cell proliferation, cell differentiation and cell 
survival ail provide valuable information relating to the suitability of a biomaterial 
for further in vivo study. In vitro studies of established biomaterials may also be 
useful for evaluating specifie cellular responses and mechanisms in a controlled 
and highly reproducible environment. However, to be truly useful, a strong 
correlation must exist between the responses observed in vitro and those 
observed in vivo. 
For studies investigating the response of bone forming cells or stromal cells to 
biomaterials, such as titanium and hydroxyapatite, these cell systems must be 
responsive to surface texture. Numerous in vivo studies have demonstrated that 
surface texture of a biomaterial has a significant and predictable effect on peri-
implant tissue formation. For example, wh en placed in an osseous environ ment 
such as the femoral canal, titanium implants with a smooth surface topography 
(Ra < 0.5 IJm) are generally apposed by fibrous tissue whereas titanium implants 
with a textured surface topography (Ra> 1.0 IJm) are generally apposed by 
osseous tissue. This weil established in vivo finding has wide reaching 
implications for many in vitro studies that investigate cellular response and in 
particular the response of cells to orthopaedic or dental biomaterials. This is 
particularly important at the present time, as the majority of dental and 
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orthopaedic implants that achieve mechanical fixation by osseointegration 
possess a textured surface topography (Ra = 2-7 IJm). 
The influence of biomaterial surface topography on the behavior of MC3T3-E1 
cells is shown in Figure 1. Within 3 hours of surface interaction, differences in 
surface topography result in visible differences in cell shape and potentially cell 
behavior. The cell on the textured titanium surface (Fig 1 B) is elongated and 
stretched across the surface irregularities, whereas the cell on the smooth Ti 
surface is rounded and f1aUened (Fig 1A). 
Figure 7.1 - MC3T3-E1 celfs (dark arrow and outline) seeded for 3 hours on A) Smooth 
polished Ti disk (Ra = 0.01 f.1Ir1 ::t 0.02) and B) Rough grit blasted Ti disk (Ra = 3.26 f.lm ::t 
0.95). Differences in celf shape are clearly evident. Celfs fixed in 2% glutaraldehyde A) SEM 
1800X B) SEM 7000 X. 
There is good reason to believe that cells in culture used in the investigation of 
orthopaedic and dental materials do not respond to surface topography in the 
same manner as do their in vivo counterparts. Quite sim ply the influence of 
surface topography is widely prevalent but often overlooked in the design of in 
vitro experiments. In general, the surfaces of tissue culture systems possess a 
smooth texture with an Ra « 1 IJm, often closer to 0.01 IJm. As a result, the 
topographical environ ment under which many of the relevant bone related culture 
systems have been developed, selected and refined is one which would not elicit 
an osseous response in vivo. This raises serious questions concerning the 
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accuracy and utility of current in vitro systems for investigations of orthopaedic or 
dental biomaterials. 
The following paper investigates the response of cells lines and primary stromal 
cell cultures to titanium disks with smooth or textured surfaces. 
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7.1 Abstract 
The surface texture of titanium has a predictable effect on peri-implant tissue 
formation in vivo. Smooth surfaces (Ra < 0.5 /lm) are generally apposed by 
fibrous tissue and textured surfaces (Ra> 1.0 /lm) are generally apposed by 
osseous tissue. This in vitro study assessed the mineralization and proliferation 
of TF274, MC3T3-E 1, murine femoral stromal cells and canine stromal cells to 
tissue culture plastic (Ra = 0.001/lm), polished (Ra = 0.01/lm) and irregularly 
textured (Ra = 3.26 /lm) titanium surfaces. Amongst ail culture systems, 
proliferation was significantly decreased on textured vs. smooth surfaces. 
Midway through culture of the canine marrow cells, the cell layer detached from 
the tissue culture plastic and polished titanium surfaces. The TF274, MC3T3-E 1, 
murine femoral stromal cell systems formed a mineralized matrix on the tissue 
culture plastic and polished titanium surfaces which was not observed with the 
canine stromal cell system. Compared to the tissue culture plastic and polished 
titanium surfaces matrix mineralization was significantly reduced on the textured 
titanium surfaces for the TF274, MC3T3-E1, murine femoral stromal systems, a 
result which was significantly different for the canine stromal system. These 
results were surprising given the large number of reports conceming the in vivo 
response to titanium. Further work is required to determine if the TF274, MC3T3-
E1, murine femoral stromal systems are suitable for the in vitro investigation of 
the effects of titanium surface texture on osteoblast activity. 
- 205-
Chapter 7 - Mineralizing culture systems for the evaluation of ... 206 
7.2 Introduction 
The potential for osseointegration of a biomaterial may be determined by 
culturing osteoblast, pre-osteoblast or osteoblast-like cells on the surface of a 
representative sample. The nature of the biochemical pracesses occurring can 
be determined from analysis of the cells themselves or factors released into the 
culture medium, fram chemical or electran beam analysis of material deposited 
onto the substrata or fram quantification of the uptake of radiolabelled tracers 
such as thymidine or sulfate into nucleic acids or protein. Biomarkers of cellular 
activity include expression of transcription factors, matrix prateins, enzymes, 
growth factors, cytokines and components of their signaling pathways amongst 
others. 
The benefits of using in vitra systems for the primary evaluation of the osseous 
response to biomaterials includes an accelerated experimental cycle, simplitied 
evaluation of the biochemical and genetic processes, greater genetic 
consistency, reduced experimental co st and animal trauma and overall, a greater 
degree of variable isolation. 
The formation of a mineralized matrix in vitro was tirst demonstrated by Boyde et 
al.9,10 in the late 70's. In the early 80's Ecarat-Charrier et al. 13,14 described a 
murine (calvarial) culture system that praduced a mineralized matrix in vitro. A 
brief survey of the literature indicates that many different culture systems25 have 
been utilized to study osteoblast activity. Cells have been harvested fram many 
species including bovine,12,43 avian,24 murine,13 rat,8,33,35 canine, and 
human,21,27,28,32 to culture osteoblast or osteoblast-like cells. A number of other 
"osteoblast-like" cell lines are documented in the literature. Among these are 
several that form a mineralized matrix in vitro, including the murine ce" line, 
MC3T3_E1 16,22,30,31,38,40 and the human ceilline TF-27437 , 
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When cultured in vitro, cells of the osteoblast lineage progress through stages of 
maturation similar to those seen in vivo, which are characterised by the 
expression of recognised markers of differentiation and mineralization.4-7.11.34.36.39 
After reaching confluence, the monolayer cultures form sporadic multi-Iayered 
nodules of cells that secrete and mineralize an extensive extra-cellular matrix. 
Proliferation can be quantified by measuring the relative change in DNA content21 
and the rate of calcium uptake can be quantified by determining the uptake of 
radiolabelled calcium into the cell and matrix. 
While there is considerable experience with mineralization in vitro, a concern 
exists that culture conditions have been optimized to promote mineralized nodule 
formation on smooth surfaces. The culture surface of choice for the last three 
decades has been glass or tissue culture plastic, which presents a very smooth 
surface possessing an Ra of approximately 10 nm (surface roughness is often 
expressed in terms of Ra. the average deviation from the mean centerline 
roughness). In vivo experiments have shown that biocompatible materials such 
as titanium, cobalt chrome alloys, and hydroxyapatite based ceramics possessing 
irregular surface structures (Ra> 1 !-lm) generally promote bone formation when 
placed in an osseous environment such as the femoral canal. Similarly, in animal 
studies using paired controls (textured vs. polished) of chemically identical 
surfaces fabricated from titanium, textured implants are generally apposed by 
bone and polished implants (Ra < 0.5 !-lm) by fibrous tissue.15.17.20,41,42 
It is of fundamental importance to recognize that the currently available systems 
that have been optimized for cell culture on smooth surfaces may not be 
appropriate to recapitulate the in vivo environment where endogenous cells 
preferentially differentiate into osteoblasts on rough textured surfaces. The vast 
majority of mineralizing cell culture systems reported in the literature may 
therefore be poorly suited for the in vitro investigation of the osseous response to 
dental and orthopaedic biomaterials. 
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The purpose of this study was to determine the response to textured titanium 
surfaces commonly used in dental and orthopaedic implants of three weil 
characterized culture systems that form mineralized nodules on smooth surfaces 
in vitro, and one canine culture system. 
7.3 Materials and Methods 
7.3.1 Cell Culture disks 
One hundred and sixty cell culture disks, 21 mm in diameter and 3mm thick, were 
manufactured from titanium alloy (TiAL6V4) (Figure 7.2). Each disk had a 
tapered wall to fit snugly into 12-well tissue culture plates. Each disk possessed 
a small slot that facilitated media removal while minimizing tissue disruption of the 
cell layer. The disks were divided into 2 groups: Eighty disks had a rough 
irregular surface texture created by blasting with small hard particles of AI20 3 
(GB) and 80 disks were polished to a reflective finish (Pol). After surface 
treatment, ail disks were passivated in 30% nitric acid at 21°C for 30 min. then 
rinsed repeatedly in distilled water. Ali culture disks were sterilized by gamma 
irradiation. 
Figure 7.2 - Titanium al/oy disks used for cel/ culture. A) Smooth po/ished Ti disk (Ra = 0.01 
f.dTI :I 0.02) B) Rough grit blasted Ti disk (Ra = 3.26 pm:I 0.95) 
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7.3.2 Characterization of cell culture disks 
7.3.2.1 Surface Topography 
Scanning electron micrographs of ail disk surfaces were obtained to provide a 
qualitative impression of surface morphology. Surface topography was quantified 
using a Wyko NT 2000 (Veeco, Rochester, NY) non-contact optical profiler. The 
profiler was calibrated before use and the operational parameters were: VSI 
mode, 52 X Mag, VSI filter, and tilt correction. Three random regions from three 
disks of each group were analyzed yielding nine measurements per surface. 
7.3.3 Cell models and culture conditions 
7.3.3.1 Murine marrow stromal cells (MBMC) 
Bone marrow was harvested from the femora of 4-6 week old C57BL/6J mice by 
removing the femoral condyle and placing the bone upside down in a cut-off P-
1000 pipette tip placed in an Eppendorf tube. Eppendorfs were spun for 2s at 
1500 rpm and the ceU pellet collected in 200 !JI of aMEM. A single cell 
suspension was created by gently and repeatedly passing the suspension 
through a 21 gauge needle. Cells were then filtered through a 40 um nylon filter 
and suspended in 20 ml phosphate-buffered saline (PBS). Ce Ils were counted 
and plated at a density of 65 milIion in P-100 f1asks and cultured for 8 days in 
aMEM supplemented with 10% FBS and 60 !Jg/ml Kanamyacin. Media was 
changed daily. Primary culture was maintained for 8 days before seeding on Ti 
disks. 
7.3.3.2 Canine marrow stromal cells (K9MC) 
Using standard aseptic techniques, bone marrow was harvested from the iliac 
crest of a skeletally mature mongrel dog. A portion of the iliac crest was exposed 
and removed using an osteotome. The removed bone was split along its length 
to produce two ha Ives with both cortical and cancellous bone. Cancellous bone 
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was removed with by curette and a rongeur and then immediately placed into 
20ml of PBS in a sterile 50 ml capped tube (Falcon). To remove marrow cells, 
the cancellous bone and PBS solution was spun for 2 seconds followed by a 2 
seconds pause on a (vortex ?). The process was repeated 20 times for each 
wash and there were 3 washes. The supernatant was collected and spun for 20 
sec at 1500 rpm and the cell pellet collected in 200 ~I of aMEM. A single cell 
suspension was created by gently and repeatedly passing the suspension 
through a 21 gauge needle. Cells were then tiltered through a 40 um nylon tilter 
and suspended in 20 ml PBS. Cells were counted and plated at a density of 65 
million in P-100 dishes and cultured in aMEM supplemented with 10% FBS and 
60 ~g/ml Kanamyacin. Media was changed daily. Primary culture was maintained 
for 8 days before seeding on Ti disks. 
7.3.3.3 Celllines 
MC3T3-E1 and TF-274 cell lines were maintained in aMEM supplemented with 
10% FBS and 100 Ulm 1 penicillin, 100 ug/ml streptomycin. Ce Ils were passaged 
at confluence and not maintained past 14 passages. 
7.3.3.4 Cell Culture 
Cells were cultured on polished (Pol) or grit blasted (GB) Ti disks or on tissue 
culture plastic (TCP), for up to 20 days in aMEM supplemented with 10% FBS, 
100 U/ml penicillin, 100 I-Ig/ml streptomycin, 50 ~g/ml ascorbate and 5mM p-
glycerophosphate in a 5% C02 air-balanced incubator at 3rC. Cells were 
seeded at a plating density of 30,000 cells per cm2 or 100,000 cells per weil. For 
each experiment, an additional set of TCP wells was maintained in the above 
media without the addition of p-glycerophosphate to provide a non-mineralizing 
control. 
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7.3.3.5 Cell Proliferation 
Cells were harvested at days 1, 3, 6 and 12 to determine the increase in cell 
number. Cell proliferation was determined by quantification of total DNA 
according to the method of Labraca et al.26 Briefly, culture media was aspirated 
from the wells and disks were washed three times in PBS NaCI following which, 
cells were harvested in a solution of PBS 2M NaCI. In cases where a cell layer 
existed it was removed in its entirety, otherwise cells were removed by a 
combination of cell scraping and vigorous pipetting. Previous experiments 
determined that this method provided more consistent results than using trypsin 
or collagenase. Ce Ils were kept on ice and Iysed by sonification (machine) 2 x 30 
sec, amplitude # 3. DNA content was determined by Hoescht dye3 . 
The sample solutions were diluted as follows: 1 day - no dilution, 3 days - 5 
times dilution, 6 days - 10 times dilution, 12 days - 20 times dilution. Each 
sam pie received 35 III of Hoechst dye and if the sample was diluted the balance 
to 965 III was made up with PBS 2M NaCI. 
7.3.3.6 Mineralization Assay 
The uptake of 45Ca was used to determine the rate of mineralization. Within 
each tissue culture system, mineralization on ail surfaces was assessed three 
days after the onset of calcification on any surface. Samples were incubated for 
a period of 5 hours in a-MEM + 10% FCS containing 0.5 IlCi/ml 45Ca (PN 
6200501, ICN, Costa Mesa, CA) followed by a 15 min incubation in a-MEM + 
10% FCS. The radioactive media was aspirated and the disks washed 3 times 
with 0.9% PBS NaCI. The 45Ca incorporated into the cells was released by 
dissolution in a 12.5% solution of tricarboxylic acid (PN ACS942 BDH, Toronto, 
ON) for a period of 12 hours at 4°C. The 45Ca content from each sample was 
determined by scintillation counting (Tri Carb 1600 CA, Packard, Meriden, CT) 
for a 2 minute period. To enhance the counting, 4.5 ml of Ecolite™ (PN 882475, 
ICN) was added to 0.8 ml of the sample. 
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7.3.3.7 Total Calcium Assay 
Calcium concentration was determined by dissolution of matrix bound minerai in 
an HCI solution. Cells were washed 3 times in 4°C PBS prior to addition of 2ml of 
2N HCI directly to each culture weil. Cells were maintained at 4°C for a period of 
24 hours prior to solution collection. Samples were analyzed by a sequential 
inductively coupled plasma spectrometer (Trace Scan, Jarrell-Ash Corp, Franklin, 
MA). Certified commercial standards (1000 ppm) were used and subsequently 
diluted with deionized water. Standard concentrations bracketed the test 
samples. Two-Ievel standardization was used and calcium was used in the 
standard preparation. The detection limits for calcium by this system was 5 parts 
per million. 
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7.4 Results 
7.4.1 Surface Topography 
B D 
Figure 7.3 - SEM and 3-D topographical analysis of Titanium al/oy disks used for cel/ culture. 
A) SEM and B) surface profile of polished (Ra = 0.01 J.1IT1 I 0.02) disk. C )SEM and surface 
profile of grit blasted (Ra = 3.26 J.1IT1 I 0.95) disk. SEM 1000X, WYKO 102X. Vertical 
resolution not to scale amongst images. 
Qualitative SEM images of the titanium surfaces are presented in Figures 7.3a & 
7.3c. The textured disks presented a rough irregular surface different in 
appearance to the smooth surface of the polished disk. The difference in surface 
roughness was quantified by optical profilometry (Figures 7.3b & 7.3d). There 
was a significant difference in surface topography between the Pol (Ra = 0.01 ~m 
± 0.02) or Tep (Ra = 0.001j..1m ± 0.001) surfaces vs. the GB (Ra = 3.26 j..Im ± 
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0.95) surface (p « 0.001). There was no significant difference in roughness 
between the Pol surface and the TCP surface. 
7.4.2 Cell Proliferation 
After 1 day, cells had proliferated on the Pol or TCP surfaces regardless of 
culture system. On the GB surfaces there was a net loss of cells with ail cell 
systems other than the MC3T3-E1 ceilline. After 1 day, there were fewer cells on 
the GB surfaces compared to the Pol or TCP surfaces which was significantly 
different for the TF-274 and Murine Marrow systems (p < 0.01; Figures 7.4,7.5, 
7.6). 
For the remaining time periods there was evidence of proliferation on ail 
surfaces. At 3, 6, and 12 days, proliferation was generally 2-3 times greater on 
the Pol and TCP surfaces compared with the GB surface. Differences in 
proliferation were evident between the Pol and TCP surfaces; however, these 
differences were generally not significant at 12 days. Within each culture system 
and for each time period, there was a significant difference in the number of cells 
on the Pol and TCP surfaces compared with the GB surface (p < 0.01). 
Amongst culture systems, the MC3T3-E 1 proliferated at a higher rate than the 
other cultures. Most notable was the decline in proliferation rate at days 3, 6 and 
12 for the TF-274, MBMC and K9MC cultures (Figure 7.7) compared to the 
MC3T3-E1 culture. At days 21 and 22 the K9MC cellular layer on the Pol and 
TCP surfaces detached from the culture surfaces and formed a spherical mass. 
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Figure 7.6- MBMC cell proliferation on Pol, TCP and GB surfaces at 1, 3, 6 and 12 
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significantly different amongst ail surfaces (p < 0.01). Calcium content followed the 
trend of Ca45 uptake and was 4-8 times lower on the GB surfaces. 
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7.4.3 Mineralization 
For ail culture systems evaluated, there was evidence of mineralization. Ca45 
incorporation occurred on ail surfaces with the exception of the non-mineralizing 
control where 45Ca uptake is considered background noise (Figures 7.B, 7.9, 
7.10) Although not significantly different, 45Ca uptake with the MC3T3-E1, TF-274 
and MBMC culture systems was greatest on the TCP surfaces closely followed 
by the Pol Ti disks. However Ca45 uptake with the K9MC system was 
considerably different. At 43 days in culture, Ca45 uptake was greatest on the GB 
surface compared to the Pol or TCP surfaces. 
While there was evidence of 45Ca uptake with the MC3T3-E 1, TF-274 and MBMC 
culture systems on the GB Ti disks it was less than 10% of the 45Ca uptake on 
the smooth Ti disks or TCP surfaces (p « 0.0001). While very low, 45Ca 
incorporation on the GB Ti disks was significantly different from the non-
mineralizing control TCP (-)BGP surfaces (p < 0.05). There were significant 
differences between each culture system where 45Ca incorporation was generally 
significantly different (p < 0.01). The canine marrow system had the greatest rate 
of 45Ca uptake followed by the murine marrow system which were significantly 
different from the MC3T3-E 1, TF-274 culture systems. There were no significant 
differences in 45Ca on the GB disks uptake between the MC3T3-E1, TF-274 
culture systems. 
MC3T3-E1 cells were evaluated 7 days post onset of mineralization. Total 
calcium content followed the general trend for 45Ca uptake. Calcium content on 
TCP and Pol surfaces was 4-B times greater than that on GB surfaces. 
To examine the effect of increased culture time, mineralization was also 
quantified with MC3T3-E1 cells at 3 and 10 days post onset of mineralization 
(Figure 7.9). Between time points, 45Ca uptake at 10 days post onset of 
calcification was greater on the Pol and TCP surfaces compared to the analysis 
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at 3 days (p < 0.01), however 45Ca uptake at 10 days was not significantly greater 
on the GB and TCP (-)BGP surfaces than the uptake at 3 days. 
The effect of increased seed load on the mineralization on murine femoral 
marrow cells was evaluated with initial seed loads of 100,000 and 300,000 cells. 
With a 3 fold increase in initial seeding density, 45Ca uptake increased on the Pol 
and TCP surfaces (p < 0.01) but remained unchanged on the GB surface. 
7.5 Discussion 
The study investigated the mineralizing response of various culture systems to 
orthopaedic and dental biomaterials. Mineralization was confirmed and the 
activity quantified by uptake of the radioactive isotope, 45Ca and the analysis of 
total calcium content. Amongst the MC3T3-E 1, TF-274 and MBMC mineralizing 
culture systems under study, the presence of a textured titanium substrate 
reduced both osteoblast and osteoblast-like proliferation and matrix 
mineralization. A different outcome was observed with the K9MC culture system 
where the textured titanium surface promoted the highest level of matrix 
mineralization and mineralization was not observed on the Pol and TCP surfaces. 
ln this study, the MC3T3-E1, TF-274 and MBMC mineralizing cultures responded 
in the opposite manner to what would be expected from the vast number of in 
vivo studies, where a mineralized matrix preferentially forms on GB surfaces and 
not on Pol Ti surfaces. In addition to the commonly used mineralizing culture 
systems, murine marrow and MC3T3-E1, a canine stromal culture system was 
also investigated since this is a common model for the in vivo investigation of 
dental and orthopaedic implants. A number of canine implant studies have 
reported an osseous response to a range of surface textures, comparable to that 
of the textured disks (Ra = 3.3 ~m) of this study.18-20 
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Of the 4 culture systems evaluated, only the canine marrow culture system 
approximated the osseous response observed in vivo. It is important to note that 
the MC3T3-E1 and TF-274 celllines were selected on the basis of their ability to 
produce a mineralized matrix on tissue culture plastic, which presents a smooth 
surface (Ra «0.01 Ilm). As a result of this selection, the response of these cells 
to topographie stimuli may be impaired. The mineralizing response of the murine 
stromal culture to the Pol and TCP surfaces was unexpected. It is possible that 
murine cells do not respond to surface texture in a manner similar to other 
mammalian cells or that some aspect of the culture conditions impaired their 
response to topography. 
Some authors have suggested that surface texture modulates osteoblast 
differentiation.2,23,29,44 ln a similar study of MC3T3-E1 cells on a variety of smooth 
and textured surfaces, Anselme et al. 1 reported decreasing proliferation with 
increasing surface roughness. In a canine marrow culture system Kawahara et 
al. also reported decreasing proliferation with increasing surface roughness23• If 
surface texture causes a progression to a more differentiated state and reduces 
proliferation, it is possible that the multi-Iayers of cells necessary for 
mineralization do not form on the GB surfaces. MBMC cells had the lowest 
proliferation on GB surfaces and were selected to test the effect of increased 
seed load on the mineralization. Murine femoral marrow cells were evaluated 
with initial seed loads of 100,000 and 300,000 cells. With a 3 fold increase in 
initial seeding density, 45Ca uptake increased on the Pol and TCP surfaces (p < 
0.01) but remained unchanged on the GB surface. 
Perhaps with a longer time in culture, mineralization with the MC3T3-E1, TF-274 
and MBMC culture systems on the GB surfaces may have occurred to a similar 
extent as observed with the smooth Pol and TCP surfaces. The MC3T3-E1 cells 
in this study proliferated at the highest rate and displayed evidence of a 
mineralized matrix in the shortest amount of time. As such, MC3T3-E1 cells were 
selected to study the effect of increased culture time on 45Ca uptake. A 7 day 
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increase in culture time increased 45Ca uptake on the Pol and TCP surfaces but 
had no effect on the GB surface. 
An endosseous implant is subject to a complex environment that involves the 
interaction between multiple cell types and biologic f1uids. It is possible that 
osteoblasts can form a mineralized matrix on smooth surfaces in vivo but that in a 
heterogeneous culture, osteoblasts may be displaced by other more rapidly 
proliferating marrow cells such as fibroblasts. Murine femoral marrow cells were 
cultured to provide a heterogeneous cellular environment that better 
approximated the in vivo environment. If osteoblasts were indeed displaced by 
fibroblasts, it would be expected that the predominant cell type on the Pol or TCP 
surfaces would be fibroblastic and that no or little 45Ca uptake would occur. While 
the results suggest that this did not occur with the MBMC culture, a unique 
response was observed with the canine marrow culture system. The cellular 
layer on the Pol and TCP surfaces contracted into a spherical mass mid way 
through culture which may have been a result of a predominantly fibroblastic 
population. In canine implant studies, smooth surfaces are generally apposed by 
fibrous tissue in vivo. 20 
Significant differences existed between the osteoblast response of MC3T3-E1, 
TF-274 and MBMC culture systems to the surface texture of titanium in vivo and 
in vitro. Only the canine marrow culture system behaved in a similar manner to 
what is observed in vivo. Concerning the evaluation of biomaterials for 
osseointegration, significant differences may exist between the in vivo and in vitro 
environments. As a result, care must be taken to ensure that in vitro results are 
relevant to those obtained in vivo. This study has indicated that significant 
differences exist among the in vivo and in vitro responses to smooth and textured 
titanium surfaces with murine marrow and MC3T3-E1, TF-274 culture systems. 
Further work is required to determine if these culture systems are suitable for the 
in vitro investigation of the effects of titanium surface texture on osteoblast 
activity. 
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Generation of Common Long Bone Fracture 
Types. 
The fracture surface is a site of new bone formation, and would most likely 
possess an irregular surface texture. It was hypothesised that the fracture 
surface topography may be similar to the surface topography of commercially 
available textured implants. 
A mechanical system was developed to produce a variety of clinically observed 
fracture types in vitro. This fracture model was conceived as a tool to produce 
fracture surfaces where the mechanical parameters and resulting fracture surface 
morphology could be quantified for further study. 
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8.1 Abstract 
Several investigators have made use of mechanical devices to produce long 
bone fractures. These devices generally produce a transverse or oblique fracture 
pattern. The purpose of this study was to develop a laboratory model capable of 
generating the variety of fracture types observed in the clinical setting. A 
pneumatic and hydraulic system was designed to produce different fracture 
patterns. The generation of different fracture patterns was dependent upon 
impact velocity, displacement of impact and the axial load. Comminuted 
fractures were generated by a high impact velocity and a high axial load with a 
probability of 94%. A low impact velocity generally produced typical low energy 
fractures (oblique, butterfly or transverse) with a probability of 93% regardless of 
axial load. With a low impact velocity, oblique fractures were generated with a 
probability of 37%, while transverse fractures were generated with a probability of 
57%. When cortical penetration, axial load, and impact velocity were ail low, 
butterfly type fractures were generated with a probability of 50%. Using this 
model it is possible to reproduce typical fracture types seen in a clinical setting. 
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8.2 Introduction 
Both the fracture site and textured implant surface are weil known stimuli for new 
bone formation and the importance of topography in peri-implant bone formation 
has been established. It is possible that a biological analog to textured implant 
surfaces exists, and that this biological stimulus may be responsible in part for 
the osseous response to textured implant surfaces. The fracture surface 
possesses an irregular topography and this study was conceived to generate 
fractured long bone surfaces for topographical analysis. 
Current fracture models, based on Iimited murine, canine and rat femoral studies, 
generally utilize three point bending, an osteotomy or a segmental defect to 
produce an experimental fracture.3.5-9.11.14.15 Most of these models result in a 
transverse or oblique fracture patterns and do not address other fracture types 
such as butterfly and comminuted. 
The production of a standard experimental fracture was tirst described by 
Jackson et al10 in 1970. Jackson produced transverse fractures in the femora of 
rats using a blunt guillotine. This method resulted in reproducible transverse 
fractures, yet variations in fracture types were reported as aberrations from the 
desired result. Few authors have developed reproducible fracture models for 
canine and rabbit long bones. Both MacDonald12 and Ashhurst2 used a three 
point bending device to produce transverse fractures in canine femora. Park et 
al. 13 moditied the three point bending device to generate both transverse and 
oblique fractures in rabbit femora. 
The purpose of this study was to develop a fracture model capable of producing 
a variety of long bone fracture patterns commonly seen in orthopaedic practice so 
that the surface topography of these fractures could be quantitied. 
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8.3 Materials and Methods 
8.3.1 Canine Femora 
Twenty paired femurs were removed from skeletally mature mongrel canines (20 
to 35 kilogram mean 27.2 ± 5.8 kg) immediately following euthanasia. These 
healthy canines were the subject of acute unrelated surgical experimentation with 
no indication of any bone or metabolic disorders. During harvest, femurs were 
carefully stripped of soft tissue and care was taken to preserve the periosteum 
and to avoid any damage to the periosteal surface. The harvested femurs were 
immediately wrapped in saline soaked surgical towels, placed in self-Iocking bags 
(Ziploc, SC Johnson) and frozen at -20°C until testing. Prior to testing, the paired 
femurs were thawed at room temperature for 2 hours. Preparation of the femurs 
for testing involved fixing the proximal and distal ends in polymethylmethacrylate 
(PMMA) (Perm Reline Resin, Hygenic Corp Arkon OH USA) to produce a 
constrained and regular surface for mounting in the test fixtures (Figure 8.1A). 
8.3.2 Test Apparatus 
A servo hydraulic test machine (Instron, Canton MA USA) and a pneumatic 
cylinder ram (Bimba, Monee IL USA) were the components of the fracture 
production device (Figure 1 B & C). Specially designed fixtures were fabricated to 
partially constrain the distal and proximal ends of the femurs. A taper mismatch 
(morse taper) between the cast PMMA and each fixture prevented subsidence 
and axial rotation upon slight axialload. To simulate sorne freedom of motion at 
both the proximal and distal femoral joints, a hemispherical depression was 
machined into each proximal and distal fixture (Figure 1 A). Each fixture 
articulated against a CoCr femoral head mounted on the servo hydraulic tensile 
test machine (Figure 1 D). The servo hydraulic tensile test machine provided and 
measured the axialload. 
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Figure 8.1- Mechanical apparatus for fracture generation. A) Canine femur potted in PMMA 
and mounted in Jig. Concave depression for articulation is visible. B) Canine femur mounted 
in test Jig in Instron (Ieft). Pneumatic cylinder with adjustable mounting plate is visible (right). 
C) Canine femur mounted in test Jig in Instron with pneumatic cylinder. L VOT is shown 
attached to pneumatic cylinder (right). 0) Fractured femur showing freedom of motion in jig 
fixtures (top and bottom). 
- 235-
Chapter 8 - An in vitro model for fracture generation .... 236 
The pneumatic cylinder that provided the impact force was mounted on a rigid 
frame attached to the servo-hydraulic tensile test machine (Figures 8.1 B & 8.1 C). 
The distance and orientation of the cylinder to the long axis of each femur was 
maintained constant by an adjustable mounting plate (Figure 8.1 B). The impact 
velocity was recorded by a linear voltage displacement transducer (L VDT) that 
was rigidly mounted to the plunger (Figure 8.1 C). Airline pressure was 
maintained at 110 PSI and a booster tank adjacent to the cylinder ensured 
uniform pressure during piston displacement. 
8.3.3 Testing Procedure 
Axial load, impact velocity, and cortical penetration were the controlled 
parameters (Table 8.1). Due to the large number of possible permutations, each 
variable was limited to two experimental values: axial load was maintained at 
either 150N (Low) or 1000N (High), impact velocity was 5000 mm/sec (Low) or 
9000 mm/sec (High) and cortical penetration spanned 1 (Low) or 2 (High) 
cortices. Axial load was controlled by the Instron servo hydraulic tensile test 
machine. Impact velocity was controlled by manipulating air pressure. 
Adjustment of the pneumatic cylinder position controlled cortical penetration. 
After each test the fracture pattern was photographed and documented. The 
matched bone pairs were assigned the same axial load, either high or low then 
each bone was randomly assigned an impact velocity and cortical displacement. 
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Table 8.1 - Experimental Parameters for Fracture Generation 
n 
Impact Velocity Axial Load (N) Cortical Displacement (mm/s) 
5 9000 150 1 
5 9000 150 2 
5 9000 1000 1 
5 9000 1000 2 
5 5000 150 1 
5 5000 150 2 
5 5000 1000 1 
5 5000 1000 2 
8.3.4 Statistical Analysis 
Variables were checked with cross tab calculation to determine if any or ail of the 
variables aftected pattern outcome. The patterns were regrouped into high-
energy pattern (comminuted) and low-energy pattern (transverse, butterfly and 
oblique) in order to calculate odds ratios for each variable. 
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8.4 Results 
The fracture of twenty paired femora resulted in the generation of four different 
fracture types: oblique, transverse, comminuted and butterfly (Figure 8.2A-0). Six 
bones faited to fracture on tirst attempt and were excluded from the study. In 
each of these 6 cases the impact velocity was low velocity and the plunger 
damaged the cortex without creating a classitiable fracture. 
The experimental conditions for producing each of the four main fracture types 
are summarized in Table 8.1. Of the 34 fractured bones, 16 or 47% were 
comminuted (Figure 8.2C), 4 or 12% were oblique (Figure 8.20), 6 or 18% were 
butterfly (Figure 8.28) and 8 or 23% were transverse (Figure 8.2A). The results 
of the test with production parameters are presented in Table 8.2. 
Table 8.2 - Fracture Types Produced by Production Parameters 
Fracture Number Velocity Load (N) Cortical Displacement Type Produced (mm/s) 
Comminuted 16 15@9K 15@1000N 8@Full 
1@5K 1@150N 8@Half 
Oblique 4 4@5K 4@150N 2@Full 2@Half 
Transverse 8 3@9K 3@1000N 3@Full 
5@5K 5@150N 5@Half 
Butterfly 6 2@9K 2@1000N 1@Full 
4@5K 4@150N 5@Half 
None 6 6@5K 6@150N 6@Full 
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Figure 8.2 - Fracture patterns generated by apparatus A) Transverse B) 
Butterfly C) Comminuted D) Oblique. 
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Nearly ail comminuted fractures were generated by a high impact velocity and a 
high axialload. With a high impact velocity, the depth of cortical penetration had 
little influence on the resulting fracture pattern. The probability of producing a 
comminuted fracture was 15/16 or 94% (p= 0.001). In contrast, a low impact 
velocity generally produced a typical low energy fracture (oblique, butterfly or 
transverse) in 13 of 14 examples (93%) (p= 0.001). For the generation of oblique 
fractures, a low striking velocity had a probability of producing an oblique fracture 
in 4 out of 11 samples (37%). A low striking velocity was also conducive to the 
production of transverse fractures again with little relation to load or cortical 
displacement. In this study 8 out of 14 fractures (57%) fractures created with a 
low striking velocity resulted in a transverse fracture. The limited fracture data 
suggested that the creation of a butterfly fracture with this model was the only 
fracture type that was related to load or displacement. In this study 4 of 6 
fractures had a low axial load and 4 of 6 fractures had a low cortical 
displacement. One can expect to create a butterfly fracture when using a low 
cortical displacement and low axial load 3 out of 6 times. 
Analysis between subject effects for ail variables revealed no significant factors. 
When ail input variables were in the low state, oblique and transverse patterns 
were produced (n=3) and when ail input variables were in high state, the pattern 
was comminuted (n=2). The odds ratio of producing a comminuted fracture with a 
high striking velocity was 10.5 (95% confidence interval range 1.6-70.6). No other 
odds ratios were significant. 
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8.5 Discussion 
This study describes a reproducible method of fracture generation that allows 
production of three fracture patterns (oblique, comminuted, and butterfly) other 
than the classic transverse fracture associated with most bench-top studies. 
Jackson 10 produced experimental transverse fractures in the femora of rats using 
a small pneumatic punch press. In an attempt to simplify Jackson's model, 
Bonnarens et al4 reported a method of creating reproducible transverse fractures 
in the femora of rats using a blunt guillotine driven by a dropped weight. Again, 
this model demonstrated reproducible transverse fractures within rat femora, yet 
the generation of alternative fracture patterns and the opportunity to investigate 
the femoral fractures in larger species was not possible. 
Few authors have developed reproducible fracture models for larger bones such 
as canine and rabbit long bones. Both MacDonald et al.12 and Ashhurst et al.2 
used a three point bending device for producing transverse canine fractures. 
Park et al.13 modified the three point bending device to generate reproducible 
transverse and oblique fractures in rabbit femora. External casts were used to 
guide fracture propagation and a drill ho le to initiate the fracture. 
An accu rate model of human fracture properties must come from animal species 
that possess similar bone characteristics, defined by bone composition, density 
and architecture such as canine bones. While rat femora are desirable as a 
fracture model since they are easily obtained and fractured, studies suggest that 
differences between the physical properties of rat and human bone may limit its 
applicability as a model of human fracture mechanics. Aerssens et al.1 reported 
that canine bone composition, bone density and mechanical properties best 
resemble those of human bone while rat bone is different in ail three categories. 
ln addition, Wang et al. 15 reported a similarity in microstructure between canine 
bone and human bone. These observations suggest that canine femora are weil 
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suited for comparison to human bone, and in biomechanical studies the canine 
model is superior to that of the rat. 
This study developed a method for the reproducible generation of transverse, 
oblique, butterfly and comminuted fracture patterns in canine femora. With the 
parameters employed in the present investigation it was not possible to define a 
set of inputs that would generate a specific fracture type on demand. However, 
with this current model it is possible to produce a known fracture type with a 
defined probability and it is possible to determine how many specimens are 
required to generate the desired fracture types. 
Comminuted fractures were produced with the highest probability (94%) of ail 
fracture types when the impact velocity was high (p= 0.001). Current fracture 
models have not generated this fracture pattern. For the other fracture patterns, 
the combination ofaxialload, cortical displacement and impact velocity produced 
a distribution of each type (oblique, transverse and butterfly). While these fracture 
patterns could not be produced on demand with a high probability, again the 
relative occurrence of each fracture type would permit the calculation of the 
number of specimens required for any experiment. 
The relatively low influence of axial load and cortical displacement on fracture 
pattern generation suggests that the magnitude of the parameters employed in 
this study may not be weil suited to determine their contribution. Further 
refinement of the current model to include a greater range in the controlled 
parameters of axial load and impact velocity may refine the specificity of fracture 
pattern production. 
While every attempt was made to fracture each femur in an unconstrained 
manner (freedom of motion at proximal and distal mounts) the impact area 
(plunger rod) was small and in ail cases made direct contact with the femur. This 
direct bone contact of the plunger, without the involvement of any surrounding 
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soft tissue is not an accurate representation of fracture formation in vivo and 
would be expected to be a contributing parameter to fracture pattern formation. 
Further modeling with attached soft tissues may permit more reliable productiqn 
of fracture types. 
This fracture device allowed a predictable percentage of fracture pattern 
generation when axial load, impact velocity and cortical displacement were 
controlled. Comminuted fracture patterns were reproduced with the highest 
degree of probability. 
This study was valuable for generating fracture surfaces of long bones that cou Id 
be analyzed for surface topography. This enabled a comparison of bone fracture 
surfaces with textured implant surfaces utilized for osseointegration. The 
methodology and results of the topographical analysis of the fracture surface 
analysis are presented in the following chapter. 
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Chapter 9 - The Surface Topography of 
Common Long Bone Fracture Types 
This chapter examines the surface topography of fractures generated using the 
methodology of the previous chapter. 
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9.1 Abstract 
Recent work has demonstrated that the texture of an implant surface has a 
predictable effect on peri-implant tissue formation and osseous response. Wh en 
placed in an osseous environ ment, surfaces with an Ra > 1.0 IJm are generally 
apposed by osseous tissue while surfaces with an Ra < 0.5 IJm are generally 
apposed by fibrous tissue. The purpose of this study was to compare the surface 
roughness (Ra) of fracture surfaces to the surface roughness (Ra) commonly 
found on textured dental and orthopaedic implants. The surface morphology of 
common fracture types (spiral, transverse, comminuted, oblique) and the surface 
morphology of periosteal and endosteal bone was determined. Ali fracture 
surfaces presented a texture that was not significantly different from each other 
regardless of fracture type (Transverse Ra=2.66 ± 1.40 IJm, Butterfly Ra=2.90 ± 
1.40 IJm, Oblique Ra=3.10 ± 1.33IJm, Comminuted Ra=2.74 ± 1.02IJm). Fracture 
surfaces presented a surface texture that was not significantly different from the 
surface texture common to textured orthopedie and dental implants (Ra=2-4 IJm). 
Endosteal (Ra=0.54 ± 0.17IJm) and periosteal (Ra=0.62 ± .094IJm) surfaces 
presented a surface roughness that was significantly different from the fracture 
surfaces and implant surface roughness. 
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9.2 Introduction 
The osseointegration of an implanted device follows a defined tissue 
response2,22,24 very similar to that observed during fracture healing.4,21 While the 
specific stimuli for fracture repair remain unknown, the fracture site is weil known 
as a stimulus for new bone formation. 
Many studies have investigated the osseous response to textured implant6,10,13-
17,20,27-29 surfaces. Textured implants intended for fixation by osseointegration are 
generally fabricated from titanium and possess an irregular surface texture with 
an Ra of 2-6 !lm. 1,6,12,14,15,23,25,26 Ra is a parameter that describes surface texture 
as the mean deviation from the average centerline roughness. In vitro studies 
have shown that smooth biocompatible surfaces (Ra < 0.5 !lm) generally do not 
stimulate osteoblastic activity characteristic of bone formation; however, 
osteoblasts are responsive to surfaces with an Ra ranging from 1 to 7 
!lm. 1,6,13,15,16,24,26,27 These in vitro studies have been corroborated by numerous 
in vivo and clinical studies showing that new bone forms on implant surfaces with 
an Ra of 2.8-6.7 !lm.3,5,7-9,11,14,15,18-20,25 It was hypothesized that the rough irregular 
surface texture often found on cementless implants may have a biological analog 
at the bone fracture surface. 
The purpose of this study was to evaluate the surface roughness of various 
diaphyseal fracture surfaces and to compare this texture to that found on textured 
dental and orthopaedic implants. 
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9.3 Materials and Methods 
Canine femoral bone fragments were obtained from a previous fracture study that 
produced transverse, oblique, butterfly, and comminuted fractures. Fracture 
specimens were obtained immediately after fracture and placed in a 1: 1 mixture 
of ether and acetone for a period of 2 weeks to de-fat and stabilize the fragments 
prior to analysis. Each fragment was then removed from the de-fatting solution 
and dried under the fume hood for 24 hours. Samples were then individually 
placed in sealed containers for protection during transport and analysis. 
Twelve fragments were analyzed from each transverse, oblique, butterfly, and 
comminuted fracture types. Three randomly chosen areas on each fragment 
were analyzed to yield four fragment groups with 36 topographical measurements 
in each. In addition, three randomly chosen regions on each of the endosteal 
and periosteal cortex were analyzed from 3 samples from each fracture group. 
This produced 36 topographical measurements of each cortex. Care was taken 
to ensure that ail measurements of the periosteal cortex did not include the 
periosteum. 
9.3.1 Characterization of Fracture Surfaces 
Scanning electron micrographs of the fracture surfaces were obtained to provide 
a qualitative impression of surface morphology. Surface topography was 
quantified using a Wyko NT 2000 (Veeco, Rochester, NY) noncontact optical 
profiler. The profiler was calibrated before use and the operational parameters 
were: VSI mode, 52 X Mag, VSI tilter, and tilt correction. Three random regions 
from three disks of each group were analyzed yielding nine measurements per 
surface. Quantification included measurements of roughness including Ra (mean 
roughness) and Rq (root mean square roughness). 
- 250-
Chapter 9 - The surface topography of common fracture types.... 251 
9.4 Results 
Figure 9.1 - SEM of fracture surfaces from A) transverse, B) oblique, C) comminuted, D) 
butterfly fractures. SEM 500X. 
Scanning electron micrographs (Figure 9.1) and three dimensional topographical 
scans (Figure 9.2) demonstrated that the fracture surfaces were not uniform in 
texture. Most samples possessed a rough irregular texture with a clearly visible 
surface topography that was sometimes interspersed with areas of relatively 
smooth texture. In contrast, the endosteal and periosteal cortices possessed a 
uniformly smooth surface texture (Figure 9.3). 
There was a slight but not significant difterence in the surface roughness of the 
fracture samples (Table 9.1). The transverse fracture fragments possessed an 
overall surface roughness of Ra = 2.66 ± 1.40 )lm and Rq = 3.49 ± 1.74 )lm, the 
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Figure 9.2 - Non contact optical profile of fracture surfaces from A) transverse, B) oblique, C) 
comminuted, D) butterfly fractures. 102X. Vertical resolution not to scale amongst images. 
comminuted fractures possessed an overall surface roughness of Ra = 2.74 ± 
1.02 ~m and Rq 3.52 ± 1.40 ~m, the butterfly fractures possessed an overall 
surface roughness of Ra = 2.90 ± 1.40 ~m and Rq = 3.80 ± 1.87 ~m and the 
oblique fractures possessed an overall surface roughness of Ra = 3.10 ± 1.33 ~m 
and Rq = 4.11 ± 1.63 ~m. 
- 252-
Chapter 9 - The surface topography of common fracture types.... 253 
Table 9.1 - Roughness of samples from each fracture surface group (n=36 per 
group). Overall values are an average of ail types of fracture surfaces. 
Fragment Type Ra (um) Rq (um) 
Transverse 2.66 ± 1.40 3.49 ± 1.74 
Butterfly 2.90 ± 1.40 3.80 ± 1.87 
Oblique 3.10 ± 1.33 4.11±1.63 
Comminuted 2.74 ± 1.02 3.52 ± 1.40 
Overall 2.8S± 1.32 3.73± 1.66 
Paired t-test analysis of the surface topographies of each fracture type showed 
that no significant difference in surface roughness existed between fracture 
types. Sample values were pooled and the overall roughness of ail sample 
surfaces was calculated and determined to be Ra= 2.85 ± 1.32 ~m and Rq = 3.73 
± 1.66 ~m. Only two measurements had a roughness (Ra) less than 1.0 ~m. 
There was no measured roughness (Ra) less than 0.5 ~m for a fracture surface. 
Measurements of the endosteal and periosteal cortices of the fracture fragments 
demonstrated a smooth surface topography in comparison to that of the fracture 
surfaces. The endosteal cortex possessed an overall surface roughness of Ra = 
0.54 ± 0.17 ~m and Rq 0.78 ± 0.28 ~m, the periosteal cortex possessed an 
overall surface roughness of Ra 0.62 ± .094 ~m and Rq of 1.07 ± .14 ~m (Table 
8.2). 
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Table 9.2 - Roughness of endosteal and periosteal surfaces (n=36 per group). 
Overall values are an average of the endosteal and periosteal values. 
Cortical Surface Ra (J.l.m) Rq(J.l.m) 
Endosteal 0.54 ± 0.17 0.78 ± 0.28 
Periosteal 0.62 ± .094 1.07±.14 
Ove rail 0.58 ± .14 0.93 ± .27 
Paired t-test analysis of the surface topographies of each cortex showed that no 
significant difference in surface roughness existed. As a result, sample values 
were pooled and the overall roughness of the periosteal and endosteal surfaces 
was calculated and determined to possess an Ra= 0.58 ± .14 J.l.m and an Rq = 
0.93 ± .27 !-lm. No measurements had a roughness (Ra) greater than 0.74 !-lm. 
A significant difference in surface roughness for both Ra (p < 0.001) and Rq (p < 
0.001) existed between the topographies of the cortical bone surfaces and the 
fracture surfaces. 
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9.5 Discussion 
Regardless of fracture type, the fracture surfaces in this study possessed a 
surface texture of Ra = 2.7 - 3.1 !lm which was significantly different from the 
endosteal (Ra = 0.54 !lm.) and periosteal (Ra = 0.62 !lm) surface texture. 
As hypothesized, the roughness of the canine fracture surface corresponds 
closely to the implant textures reported in the literature that are known to 
stimulate bone formation in vivo. 1,6,12,14,15,23,25,26 The fracture surface may 
present a biological analog to the surfaces found on commercially available 
textured implants and may play a role in fracture healing. 
Arguably, the fracture surface may also present a surface chemistry that is 
conducive to new bone formation; however, its relative influence may be minor. 
A study of hydroxyapatite coated rods in the canine femur demonstrated that the 
surface texture and not the mineral-like calcium or phosphate chemistry of 
hydroxyapatite coated implants was responsible for 80% of the observed 
osseous response.17 
Fracture surfaces, regardless of fracture type, have similar average roughness. 
The topography of fracture surfaces is very similar to the surface topography 
currently in use for orthopedie and dental implants. 
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Chapter 10 - The Relative Contributions of 
the Chemistry and Topography of Bone to 
the mineralizing response in vitro. 
The following paper investigates the role of surface chemistry and microtexture in 
bone formation on polished and fractured bone surfaces. Based on previous 
experiments, it was hypothesized that the microtexture of the fracture surface 
would be a stimulus for new bone formation. It was further hypothesized that on 
bone surfaces, surface chemistry would not be a factor modulating tissue 
formation. 
Surfaces with a texture shown to stimulate bone forming activity are present in 
the skeletal tissues. Osteoclasts cultured on bone produce resorption pits within 
the scale of the osteoblast and fracture surfaces of cortical bone present a 
distinct irregular surface roughness. 
Previous experiments in this thesis determined that no significant difference 
exists between the surface roughness found on textured commercial implants 
(used for osseointegration) and that of the cortical fracture surface. It is quite 
likely that the fracture surface of cortical bone will also stimulate osteoblast 
activity characteristic of new bone formation. A set of experiments were 
designed to investigate the response of canine stromal cells to the surface 
texture and chemistry of fractured bovine bone. 
The use of bone disks required modification of sorne experimental techniques. 
Traditional staining methods for culture could not be easily employed since the 
bone disk is not transparent. Total calcium could not be used a measure of 
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mineralization and the non-specifie binding of 45Ca to bone was a concern. A set 
of experiments were designed to develop a wash to remove non-specifically 
bound 45Ca. It was determined that about 1/3 of the 45Ca was bound non-
specifically to the bone disks and that 99% of the non-specifie bound 45Ca could 
be removed with a 10s wash in 1 % Na2P04. 
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10.1 Abstract 
Surface texture has a predictable effect on peri-implant tissue formation in vivo. 
Smooth surfaces (Ra < 0.5 /lm) are generally apposed by fibrous tissue and 
textured surfaces (Ra> 1.0 /lm) are generally apposed by osseous tissue. This in 
vitro study assessed the mineralization and proliferation of canine stromal cells 
on microtextured [grit blasted titanium (Ra = 3.26 /lm), fractured bone surfaces 
(Ra = 2.31 /lm) and fractured bone surfaces (Ra = 2.37 /lm) with a thin applied 
layer of titanium to mask surface chemistry] and smooth [tissue culture plastic (Ra 
= 0.001/lm), polished titanium (Ra = 0.01/lm) and polished bone (Ra = 0.071 /lm) 
and polished bone (Ra = 0.074 /lm) with a thin applied layer of titanium to mask 
surface chemistry] surfaces. Proliferation was significantly decreased on textured 
compared to smooth surfaces at day 12. During culture, the cell layer detached 
only from the smooth surfaces and formed a spherical mass at day 21. 
Mineralization was assessed by Ca45 uptake at day 43. There was no evidence 
of Ca45 uptake characteristic of mineralizing activity on the smooth surfaces 
however, Ca45 uptake was significantly elevated on the microtextured surfaces. 
The results of this study indicate that topography and not the chemistry of the 
cortical fracture surface stimulated osteoblast activity characteristic of new bone 
formation. 
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10.2 Introduction 
The fracture site is weil known as a stimulus for new bone formation; however, 
the specific stimuli for new bone formation remain unknown. The fractured 
cortices of long bones present a rough irregular surface texture with a surface 
roughness Ra of 2.8 ~m. Ra is a parameter that describes surface texture as the 
mean deviation from the average centerline roughness. It is weil known that 
surface topography has a predictable influence on osteoblast activity. In vitro 
studies have demonstrated that textured biocompatible surfaces with an Ra 
ranging from 1 to 7 ~m stimulate osteoblastic activity characteristic of bone 
formation whereas smooth surfaces (Ra < 1.0 ~m) generally do not. 
A surface microtextured very similar to that of the fracture surface is commonly 
found on commercial implants intended for fixation by osseointegration. These 
implants are usually fabricated from titanium and present an irregular surface 
microtextured with an Ra of 2-6 ~m.1.5-8.11.13.14 Numerous in vivo and clinical 
studies have demonstrated that when placed in an osseous environ ment new 
bone generally forms on microtextured implant surfaces with an Ra of 2-6. 7 ~m 
and not adjacent to surfaces with an Ra < 0.5 ~m. 
The purpose of this study was to compare the in vitro mineralizing response to 
various diaphyseal fracture surfaces and to compare this surface microtexture to 
that found on microtextured dental and orthopaedic implants. 
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10.3 Materials and Methods 
10.3.1 Culture Surfaces 
Forty cell culture disks, 21 mm in diameter and 3mm thick, were manufactured 
from titanium alloy (TiAL6V4). The disks were divided into 2 groups: twenty disks 
had a rough irregular surface microtextured created by blasting with small hard 
particles of Ah03 (GB) and 20 disks were polished to a reflective finish (Pol) 
(Figure 1A & B). After surface treatment, ail titanium disks were passivated in 
nitric acid and rinsed repeatedly in distilled water. 
Another set of disks were fabricated from bovine bone. Bovine tibia were 
maintained at -20°C and thawed at room temperature prior to use. Bone plugs 
were cut perpendicular to the tibial shaft using a 21 mm (internai diameter) 
trephine bit (Figure 2). The harvested bone plug was split with an osteotome in 
the direction of the long axis of the tibia to produce 80 ha Ives each with a 
fractured surface (Fx bone). One half of ail disks were further prepared by 
petrographic polishing to yield a smooth surface (Pol bone). The bone disks were 
washed with distilled water and placed in a de-fatting solution (1:1 mixture of 
ether and acetone) for a period of 48 hours. Each disk was then removed from 
the de-fatting solution and soaked in distilled water for 48 hours before being 
dried under the fume hood for 24 hours. 
The surface chemistry of 20 of the as-fractured (PVD Fx bone) and polished bone 
(PVD Pol bone) disks were masked by physical vapor deposition. This process 
deposits a 100 nm, dense, stable and homogenous layer of titanium over the 
bone surface that occludes the underlying chemistry without altering the surface 
microtexture. Ali culture disks were sterilized by gamma irradiation to thermal and 
chemical denaturation of matrix bound proteins. 
- 265-
Chapter 10 - The relative contributions of bone chemistry .... 266 
Figure 10.1 - Oisks used for cell culture A) GB Ti, B) Pol Ti, C)Fx Bone, O)Pol Bone, E) PVO Fx 
Bone F) PVO Pol Bone. 
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Figure 10.2 - Production of bone 
disks from bovine tibia. Trephine bit 
is visible mounted in drill press. Bone 
plug is visible in front of cored tibia. 
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10.3.2 Surface Chemistry 
Multiple surface regions on six as-fractured PVD masked bone disks and six 
polished PVD masked bone disks were analyzed by x-ray photoelectron 
spectroscopy to determine if the underlying Ca and P of the bone could be 
detected. This technique measures the top 25nm of the surface and the low 
penetration depth was ideal for this study. Ali measurements carried out using a 
dual-anode source in a VG Escalab MKII instrument (Thermo VG Scientific, 
Beverly, MA) with nonmonochromatized Mg Ka radiation (hv = 1253.6 eV) at 300 
watts operated at 1=20 mA and V=15 kV. Survey spectra were obtained at 90° 
from the sample surface using a pass energy of 100 eV, 1.0 eV steps, and a 
15 mm x 6 mm slit-width, which result in an analyzed surface area of 
3 mm x 2 mm. When present, specimen-charging effects were compensated by 
adjusting the binding energy of the survey spectra to fix the binding energy of the 
hydrocarbon peak at 285.0 eV. The concentration of each element was 
determined from the x-ray photoelectron spectroscopy signal area and the 
corresponding x-ray photoelectron spectroscopy atomic sensitivity factor relative 
to Fluorine 1 s electron. The sensitivity of the technique was 0.1 % at 100% and 
measurements below 0.2% were considered contaminant levels. 
10.3.3 Surface Topography 
Scanning electron micrographs of the fracture surfaces were obtained to provide 
a qualitative impression of surface morphology. Surface topography was 
quantified using a Wyko NT 2000 (Veeco, Rochester, NY) non contact optical 
profiler. The profiler was calibrated before use and the operational parameters 
were: VSI mode, 52 X Mag, VSI filter, and tilt correction. Three random regions 
from three disks of each group were analyzed yielding nine measurements per 
surface. Quantification included measurements of roughness including Ra (mean 
roughness ). 
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10.3.4 Canine marrow stromal cells (K9MC) 
Using standard aseptic techniques, bone marrow was harvested from the iliac 
crest of a skeletally mature mongrel dog. A portion of the iliac crest was exposed 
and removed using an osteotome. The removed bone was split along its length 
to produce two ha Ives with both cortical and cancellous bone. Cancellous bone 
was removed by a curette and a rongeur and then immediately placed into 20ml 
of PBS in a sterile 50 ml capped tube (Falcon, San Jose, CA). To remove blood 
cells, the cancellous bone and PBS solution was spun for 2 seconds followed by 
a 2 seconds pause on an electrical stirrer. The process was repeated 20 times 
for each wash and there were 3 washes. The supernatant was collected and 
spun for 20 sec at 1500 rpm and the cell pellet collected in 200 1-11 of aMEM. A 
single cell suspension was created by gently and repeatedly passing the 
suspension through a 21 gauge needle. Cells were th en tiltered through a 40 um 
nylon tilter and suspended in 20 ml PBS. Cells were counted and plated at a 
density of 65 million in P-100 dishes and cultured in aMEM supplemented with 
10% FBS and 60 I-Ig/ml Kanamyacin. Media was changed daily. Primary culture 
was maintained for 8 days before seeding on Ti disks. 
10.3.5 Cell Culture 
Cells were cultured on polished (Pol) or grit blasted (GB) Ti disks or on tissue 
culture plastic (TCP), for up to 43 days in aMEM supplemented with 10% FBS, 
100 Ulm 1 penicillin, 100 I-Ig/ml streptomycin, 50 I-Ig/ml ascorbate and 5mM 13-
glycerophosphate in a 5% CO2 air-balanced incubator at 3rC. Cells were 
seeded at a plating density of 30,000 cells per cm2 or 125,000 cells per weil. For 
each experiment, an additional set of TCP wells was maintained in the above 
media without the addition of J3-glycerophosphate to provide a non-mineralizing 
control. 
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10.3.6 Cell Proliferation 
Cells were harvested after 1, 3, 6 and 12 days in culture to determine the 
increase in cell number. Cell proliferation was determined by quantification of 
total DNA according to the method of Labraca et al.9 Briefly, culture media was 
aspirated from the wells and disks were washed three times in PBS NaCI 
following which, cells were harvested in a solution of PBS 2M NaCI. In cases 
where a cell layer existed it was removed in its entirety, otherwise cells were 
removed by a combination of cell scraping and vigorous pipetting. Previous 
experiments determined that this method provided more consistent results than 
using trypsin or collagenase. Cells were kept on ice and Iysed by sonification 
(machine) 2 x 30 sec, amplitude # 3. DNA content was determined by Hoescht 
dye3 . 
The sample solutions were diluted as follows: 1 day - no dilution, 3 days - 5 
times dilution, 6 days - 10 times dilution, 12 days - 20 times dilution. Each 
sample received 35 ~I of Hoechst dye and if the sample was diluted the balance 
to 965 ~I was made up with PBS 2M NaCI. 
10.3.7 Mineralization Assay 
The uptake of 45Ca was used to determine the rate of mineralization. At day 43, 
samples were incubated for a period of 5 hours in a-MEM + 10% FCS containing 
0.5 ~Ci/ml 45Ca (PN 6200501, ICN, Costa Mesa, CA) followed by a 15 min 
incubation in a-MEM + 10% FCS. The radioactive media was aspirated and the 
disks washed 3 times with 0.9% PBS NaCI and once with 1 % H2P04. A previous 
set of experiments had determined that 45Ca bound non-specifically to bone and 
that a wash in 1 % H2P04 removed > 98% of ail non-specifically bound 45Ca. The 
45Ca incorporated into the cells was released by dissolution in a 12.5% solution 
of tricarboxylic acid (PN ACS942 BDH, Toronto, ON) for a period of 12 hours at 
4°C. The Ca45 content from each sample was determined by scintillation 
counting (Tri Carb 1600 CA, Packard, Meriden, CT) for a 2 minute period. Four 
and a half ml of Ecolite™ (PN 882475, ICN) was added to 0.8 ml of the sample. 
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10.4 Results 
10.4.1 Surface Chemistry 
No Ca or P was detected on the PVD masked surfaces confirming that the 
application of the PVD coating effectively masked the underlying substrate 
chemistry (Figure 10.3). Si was detected as a contaminant that 
Surface Chemistry of Culture Disks 
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Figure 10.3 - Chemical composition is shown of a PVD coated Pol and Fx bone disks. There 
are no significant differences between the two surfaces. The titanium-mask completely 
isolated the underlying chemistry of the bone substrate. 
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10.4.2 Surface Topography 
Scanning electron micrographs of the culture surfaces (Figure 10A) showed an 
irregular texture on the GB Ti, Fx bone and PVD Fx bone surfaces (Figure 
10Aa,c,e) that was not present on the Pol Ti, Pol bone and PVD Pol bone 
surfaces. The three Pol surfaces (Figure 10Ab,d,f) were similar in appearance 
however, depressions (intersection of vascular canals) were present in the Pol 
bone and PVD Pol bone surfaces. 
Three dimensional topographical scans (Figure 5a,c,e) demonstrated that the GB 
Ti, Fx Bone and PVD Fx bone surfaces presented an irregular microtexture 
whereas the Pol Ti, Pol bone and PVD Pol bone presented a relatively smooth 
surface texture (Figure 5b,d,f). Surface roughness measurements are shown in 
table 10.1. 
Figure 10.4 - SEM of disk surfaces A) GB Ti, B) Pol Ti, C)Fx Bone, D)pol Bone, E) PVD Fx 
Bone F) PVD Pol Bone. SEM 500X. 
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Figure 10.5 - Non contact optical profile of the disk surfaces from A) GB, B) Pol Ti, C) Fx 
bone, D) Pol bone E) PVD Fx bone, F) PVD Pol bone. 102X. Vertical resolution not ta scale 
amongst images. 
Table 10.1 - Roughness measurements of culture disk surfaces 
Disk Ra (J.1m) Rq (J.1m) 
GBTi 3.29 ± 0.76 3.82 ± 0.84 
Pol Ti 0.012 ± 0 0.019 ± 0.02 
Fx bone 2.37 ± 1.14 3.61 ± 1.75 
Pol Bone 0.071 ± 0.03 0.117 ± 0.04 
PVD Fx bone 2.31 ± 0.70 3.28 ± 1.91 
PVD Pol bone 0.074 ± 0.02 0.150 ± 0.12 
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A significant difference in surface roughness existed between the smooth and 
microtextured disks (p > 0.01). The GB surface was the roughest surface 
amongst the disks, however the Ra was not significantly different from the Fx 
bone and the PVD Fx bone surfaces. There were no significant differences in Ra 
between the PVD Fx bone and the Fx bone surfaces. There were no significant 
differences in Ra between the PVD Pol bone and the Pol bone surfaces. The 
application of the PVD coating did not change the Ra of the Pol and Fx bone 
disks. While ail polished surfaces were smooth, a significant difference in 
roughness existed between both the Pol bone (Ra = 0.071 ± 0.03 Ilm) and PVD 
Pol Bone (Ra = 0.074 ± 0.021lm) when compared to the Pol Ti surface (Ra = 0.012 
± 0.0 Ilm, p > 0.01). This difference in roughness was atlributed to the presence 
of vascular canals in bone that intersected the polished surface. Importantly, the 
Ra of ail polished surfaces was considerably less than 0.5-1.0 Ilm believed to be 
the lower limit for stimulating osteoblast bone forming activity. 
10.4.3 Cell Proliferation 
Cells proliferated on ail surfaces. Cell populations were greater on the smooth 
surfaces (Pol Ti, Pol Bone, PVD Pol Bone, TCP) than the textured surfaces (GB 
Ti, Fx Bone, PVD Fx Bone) at ail time points (Figure 10.6). This difference was 
significant (P < 0.01) at days 3, 6 and 12. Differences in cell proliferation were 
not significant amongst the smooth and rough culture surfaces. 
At approximately day 21 the visible cell layer detached from the smooth surfaces 
and formed a spherical mass. A continuous cell layer was also visible on the 
rough surfaces at this time. 
10.4.4 Mineralization 
Uptake of 45Ca occurred on the microtextured surfaces only (Figure 10.7) and 
there was no significant difference in 45Ca uptake amongst the microtextured 
surfaces. Levels of 45Ca detected on the smooth surfaces were consistent with 
levels associated with background noise from non-mineralizing controls. 
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Figure 10.6 - K9MC cell proliferation on smooth (Pol Ti, TCP, Pol Bone and Pol PVD Bone) 
surfaces and textured (GB Ti, Fx Bone and PVD Fx Bone) surfaces at 1,3, 6 and 12 days. Cell 
proliferation was significantly reduced on textured surfaces compared to smooth surfaces. 
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Figure 10.7 - 45Ca uptake on smooth (Pol Ti, TCP, Pol Bone and Pol PVD Bone) and 
textured (GB Ti, Fx Bone and PVD Fx Bone) surfaces. 45Ca uptake was significantly greater 
on textured surfaces compared to smooth surfaces. 45Ca uptake was not significantly 
different amongst textured surfaces. 
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10.5 Discussion 
This study examined the response of canine stromal cells to smooth (Pol Ti, Pol 
Bone, PVD Pol Bone) and microtextured (GB Ti, Fx Bone, PVD Fx Bone) 
surfaces of bone and titanium. Mineralizing activity was quantified by uptake of 
the radioactive isotope, 45Ca. 
The presence of a textured substrate reduced initial osteoblast and osteoblast-
like proliferation but was essential for matrix mineralization. At day 43 the 
textured surfaces promoted 45Ca uptake which did not occur on the smooth 
surfaces. This is consistent with a number of in vivo studies where microtextured 
implants placed in an osseous environ ment are generally apposed by bone and 
implants with smooth surfaces are generally apposed by fibrous tissue. 
The bone disks in this study were included to investigate the effect of the 
microtextured bone fracture surface and chemistry on osteoblast activity. To 
accomplish this, an additional set of bone disks were included where the 
chemistry of the underlying substrate was masked by physical vapor de position 
(PVD). While any bone associated proteins may have been damaged during disk 
preparation, the purpose of this study was to determine the effect of bone minerai 
on osteoblast activity. There was no significant difference in osteoblast response 
amongst the Fx Bone and PVD Fx Bone or the Pol Bone and PVD Pol Bone disks 
which suggests that in this study the surface chemistry of the disks did not 
influence osteoblast activity. However, the significant difference in osteoblast 
response between the textured and smooth groups clearly indicated that surface 
topography influenced osteoblast activity. 
The results from this study also suggest that the texture of cortical fracture 
surfaces may be a stimulus for osteoblastic bone formation. It has been reported 
that the osseointegration of an implanted device follows a defined tissue 
response2,4,10,12 very similar to that observed during fracture healing.4,1o If so, 
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perhaps the osseous response to commercially available textured implants may 
be a biological response to a surface that is perceived as a fracture surface. 
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As the general population has longer and more active lives, the demand for total 
joint arthroplasty (T JA) will likely increase as weil. Constant improvements in 
wear at the articulating surfaces8,13,14,25, implant design26-28 and fixation ail 
potentially extend the functional utility of T JA. Increased implant survivorship 
enables surgeons to treat younger and younger patients with T JA.15 As a result, 
this places greater demands on T JA functionality and durability and mandates a 
concerted research effort for better performing joint replacements. 
A number of other related factors contribute to increased demands on the short 
and long term performance of T JA. There is constant financial motivation to 
reduce healthcare costs by reducing hospitalization time and post-operative 
complications.3,19,29 Minimally invasive surgical techniques have been developed 
that permit faster patient recovery and potentially accelerate the return to weight 
bearing on the replaced joint. 3 
While highly successful, adequate mechanical fixation of cementless implants is 
not always attained. Failure to attain osseointegration of an implant may be 
related to the surgical technique, intra-operative complications, patient health and 
the implant design. This thesis has examined aspects of implant design that are 
related to osseointegration. These parameters include the effect of implant 
surface texture and surface chemistry on osseointegration with the specifie goal 
to optimize peri-implant bone formation and enhance implant fixation. 
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11.1 Thesis Contributions and Hypotheses 
Original Contributions of this thesis : 
1.) Amongst biocompatible materials, surface topography is the main stimulus 
for new bone formation. 
2.) The observed osseous response to hydroxyapatite coated implants is 
largely due to surface topography, not surface chemistry as is generally 
perceived. 
3.) A considerable variation in the mineralizing response to surface 
topography exists in vitro which must be considered in any experimental 
work concerning surface topography and osseointegration. 
4.) The fracture surface has an irregular surface texture which is a stimulus 
for new bone formation. 
5.) The osteoblast may perceive textured implants surfaces as a fracture 
surface which may elicit the observed fracture healing cascade that 
results in osseointegration. 
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11.2 Thesis Hypotheses : 
Hypothesis 1 - The addition of a surface texture to a typical porous coating 
would increase bone ingrowth. (Chapter 4 - Addition of an Acid Etched 
Microtexture for Enhancement of Bone Growth into Porous Coated Implants) 
Porous coatings composed of sintered beads possess a smooth surface structure 
which the literature suggests is not optimal for stimulating new bone formation. 
An experiment was designed to determine if bone growth into conventional 
porous surfaces could be further enhanced by the addition of a surface texture to 
the otherwise smooth beaded coating. The superimposition of a microtexture 
increased the amount of new bone growth into the porous coating by 60% and 
provided compelling in vivo evidence that surface texture modulates bone 
formation and that conventional surfaces for bone ingrowth could be further 
optimized. The results of this study support hypothesis 1. 
Hypothesis 2 - A thin, dense and homogenous layer of atomically deposited 
titanium could be used to isola te surface chemistry without altering surface 
topography. (Chapter 5 - A Technique for Isolating Surface Chemistry without 
Altering Surface Topography) 
To isolate and investigate the effects of surface topography and surface 
chemistry required the development of a novel method to mask the underlying 
substrate chemistry without altering the substrate morphology. A physical vapor 
deposition (PVD) process was employed to deposit a thin (25-50nm) dense and 
homogenous film of titanium over a biomaterial surface. The PVD titanium mask 
process did not alter the surface topography while effectively occluding the 
underlying surface chemistry. This process enabled valid and controlled 
comparisons of the relative contributions of surface chemistry and surface 
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topography of HA coatings and the bone fracture surface to new bone formation 
in vivo and in vitro. The results of this study support hypothesis 2. 
Hypothesis 3 - The contribution of surface topography is greater than the 
contribution of surface chemistry to the osseointegration of HA coated implants. 
(Chapter 6 - The Relative Contributions of Chemistry and Topography to the 
Osseointegration of Hydroxyapatite Coatings) 
The osseous response to HA coated surfaces has generally been attributed to 
their bioactivity or their ability to provide supplemental calcium and phosphorous 
into ossifying bone. Three observations conflicting with the bioactivity of HA 
prompted an investigation into its mechanism of action: GB and HA surfaces 
present a similar surface roughness, both surfaces are known to stimulate new 
bone formation however grit blasted metallic surfaces are not bioactive. The 
relative contributions of chemistry and topography were demonstrated in vivo by 
masking an HA coated implant with titanium by physical vapor deposition. 
Contrary to general belief, the chemical similarity of HA to bone was a minor 
stimulus (20% of the overall osseointegration response) while surface topography 
was the major stimulus for new bone formation. The results of this study support 
hypothesis 3. 
Hypothesis 4 - The current mineralizing cell culture systems are not responsive 
to surface topography as observed in vivo. (Chapter 7 - The Response to 
Surface Topography of Mineralizing Culture Systems Used in the Evaluation of 
Orthopaedic Biomaterials) 
Much of the basic science work involving mineralization is conducted in vitro with 
extensive use of smooth surfaced culture ware. As has been repeatedly 
demonstrated, there is little, if any, mineralizing response to a smooth surface in 
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vivo. However, many mineralizing systems have been selected for their ability to 
produce a mineralized matrix on a smooth surface and as a result their response 
to surface texture may be impaired. A study was conducted to evaluate the 
response of two mineralizing cell lines and murine and canine stromal systems to 
surface topography. The canine stromal system was the only culture system 
evaluated that responded in a manner similar to what is observed in vivo by 
producing a mineralized matrix on the rough grit blasted titanium surfaces and 
not on the smooth tissue culture plastic and polished titanium surfaces. The 
results of this study support hypothesis 4. 
Hypothesis 5 - Fracture surfaces present a surface topography comparable to 
that used on some commercially available textured cementless implants. 
(Chapter 8 - An ln Vitro Model for the Generation of Corn mon Long Bone 
Fracture Types & Chapter 9 - The Surface Topography of Corn mon Long Bone 
Fracture Types) 
Two related studies were undertaken to generate clinically relevant fracture types 
where the topography of the fracture surface could be quantified. The fracture 
surface is a weil known site of new bone formation and the process of fracture 
healing is similar to the process of implant osseointegration. Interestingly, the 
topography of the fracture surfaces was not significantly different from that found 
on sorne commercially available implants with textured surfaces. The results of 
this study support hypothesis 5. 
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Hypothesis 6 - The irregular texture of the fracture surface is a stimulus for bone 
formation. (Chapter 10 - The Relative Contributions of the Chemistry and 
Topography of Bone to the mineralizing response in vitro) 
The results of the fracture studies warranted further investigation in vitro. A study 
was conducted to examine the mineralizing response of canine and murine 
stromal cultures to the fracture surface. Disks of bone with polished and as-
fractured surfaces as weil as a parallel set of disks where the chemistry of the 
substrate was masked with titanium (deposited by physical vapor deposition -
PVD) were fabricated. Control surfaces of grit blasted Ti and polished Ti disks 
with and without PVD coating were also evaluated. The murine stromal system 
formed a mineralized matrix on ail smooth surfaces and not on the textured 
surfaces regardless of substrate chemistry. The canine stromal system formed a 
mineralized matrix on ail textured surfaces and not on the smooth surfaces 
regardless of substrate chemistry. The results of this study support hypothesis 6. 
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11.3 Discussion 
The original intent of this thesis was to determine the relative contribution of 
topography and chemistry to the osseointegration of HA coatings. During the 
investigation it became apparent that amongst biocompatible materials, surface 
topography is a very important factor in implant osseointegration. 
It is generally accepted that the osseointegration of HA coated implants is related 
to its chemical similarity to bone and its ability to supplement peri-implant bone 
formation with calcium and phosphorous as it dissolves.9,16,17,24 This 
phenomenon was studied by den Hollander et al.12 using radiolabelled (45Ca) 
TCP and HA which represented comparatively greater and less soluble calcium 
phosphate formulations. The authors concluded that the implant coatings did 
release 45Ca into the peri-implant space however the released 45Ca was not 
detected in newly formed per-implant bone. 
The influence of surface texture on bone formation was clearly iIIustrated in the 
two in vivo studies of this thesis. The first study, using sintered beaded coatings, 
determined that an applied surface texture resulted in an additive effect on bone 
ingrowth. The second study concerning HA coated implants produced two 
important findings: the surface texture of GB Ti was not optimal and while 
comparatively minor, there was a beneficial effect of HA chemistry. 
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Figure 11.1 - SEM images of A) GB Ti surface and B)HA disk surface used in this thesis. 
Although the surface roughness is comparable in ter ms of Ra, the surface morpology is visible 
different. SEM 500X. 
Amongst the two textured titanium surfaces in that study, the GB Ti surface had 
less than half the bone apposition of the PVD masked HA surface. These 
surfaces shared a nearly identical surface chemistry and roughness (Ra) but 
demonstrated differences in surface morphology. Compared to the GB Ti surface 
the number of peaks per unit area (peak spacing) was much higher on the HA 
surface (Fig 11.1). The GB Ti surface presented fewer and broader peaks 
interspersed with relatively fiat areas. The results of this study suggest that the 
GB Ti morphology may not be as favorable as the plasma sprayed HA surface for 
bone apposition. Interestingly, sorne commercial implants have a finer texture 
superimposed upon the GB Ti surface texture by etching with strong 
acids. 1,5,7,10,11,30 The etched and blasted surface may produce an osseous 
response similar to that observed with the PVD masked HA surface (Fig 11.2). 
Comparisons between PVD masked HA and HA coatings determined that the HA 
chemistry did present an additional benefit for new bone formation. The results 
from den Hollander's work suggest that this in not an effect of eluted calcium. 
However, other authors have reported a morphological change in HA surface 
upon immersion in vivo. 22 Perhaps an even more favorable HA surface 
morphology progressively develops after implantation. Evidence of altered 
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Figure 11.2 - SEM image of a Grit blasted titanium surface with acid etched microtexture. Acid 
etched microtexture is superimposed upon texture created by grit blasting. The superimposed 
surface texture is apparent whem compared to Figure 11.1A. 
surface morphology after immersion of HA coatings in different in vitro fluids for 
24 hours is shown in Figure 11.3. These images suggest that complex 
processes may be occurring at the HA surface that may further modify the 
surface chemistry and/or morphology in vivo. Post implantation modification of 
the HA surface may have been responsible for the observed difference in bone 
apposition between the PVD-masked HA and non-masked HA surfaces. 
Other factors that may have been responsible for the difference in observed bone 
apposition may be related to the chemistry of the HA surface. While the 
chemistry of the HA coating may not partake directly in new bone formation, the 
HA surface may be more favorable for molecular adhesion of important 
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osteoblast binding molecules that result in more attached osteoblasts and more 
new bone formation at the implant surface. 
Figure 11.3 - SEM image of a) plasma sprayed HA surface after immersion in b) water, c) 
media and serum and d) PBS for 24 hours at 37C. SEM 1000X 
Further work was undertaken to determine if there was a biological analog that 
may explain the osteoblast response to textured implant surfaces. First, surface 
texture was considered in the context of a suitable biological stimulus for new 
bone formation. Unlike a chemical messenger, a textured surface is persistent 
for the long duration required for fracture healing; the surface is a clear indicator 
of the location for new bone formation and the textured surface is markedly 
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different from the surrounding smooth surfaces of the endosteal and periosteal 
cortex (fig 11.4). 
Figure 11.4 - SEM images of A) endosteal and SEM 500X. B) periosteal surfaces SEM 
1000X. The surface texture of trabecular and cortical bone is relatively smooth. 
The fracture surface was a logical candidate since it is a site of new bone 
formation and was likely to present an irregular surface texture. Studies of a 
variety of bone fracture surfaces in this thesis revealed a striking similarity 
between the visual appearance and roughness of the fracture surface and that of 
textured implants known to stimulate new bone formation (Fig 11.5). 
A method was developed to generate culture disks from cortical bone with 
fractured and polished surfaces for investigation in vitro. A complimentary set of 
fractured and polished disks masked with titanium by physical vapor deposition 
were generated to determine the chemical contribution of the bone surface to 
mineralization. The canine stromal culture system produced a mineralized matrix 
and only on the fractured and GB Ti surfaces. There was no difference in 
calcium uptake between the fractured and PVD masked fractured bone disks. 
The Pol Ti, Pol bone or Pol PVD masked bone surfaces, regardless of surface 
chemistry, did not evoke a mineralizing response. This experiment determined 
- 289-
Chapter 11 - Discussion 290 
Figure 11.5 - SEM images of A) GB Ti surface B) transverse fracture surfee G) plasma spray 
HA surface D) oblique fracture surface. Fracture surfaces appear to have a GB Ti Iike texture 
with a finer texture superimposed. SEM 1000X. 
that the surface texture and not surface chemistry is the essential factor in the in 
vitro mineralizing response at the fracture surface. These in vitro studies using 
canine marrow cells correspond weil with the canine models of this thesis which 
also determined that surface texture is the main stimulus for bone formation. 
It is weil known that pre-osteoblasts proliferate and spread faster on smooth 
surfaces comparable to those found on the cortices and trabeculae whereas 
surface texture reduces proliferation and stimulates differentiation.2,4 Osteoblasts 
cultured on textured surfaces release extra-cellular factors that promote 
osteoblast proliferation and differentiation.6.20.21.23 
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The facture site may be a stimulus for new bone formation in the following 
manner. The fracture cascade provides a general stimulus for cell proliferation. 
As the fracture hematoma is resorbed, the stromal population proliferates and 
expands on the smooth endosteal and periosteal cortices adjacent to the fracture. 
Some outwardly expanding pre-osteoblasts contact the textured fracture surface. 
These cells differentiate into osteoblasts and begin the process of mineralization 
at the fracture site. These cells release extra-cellular factors that further expand 
the population of pre-osteoblasts at the fracture site. As the cell layer thickens 
over parts of the fracture surface, cells continue to proliferate over the 
mineralizing layers until the entire fracture surface is covered with mineralizing 
osteoblasts. 
Surface texture is also present in other bone forming activities. Bone turnover is 
another biological phenomenon that presents a surface texture. Osteoclasts 
leave resorption pits that are replaced by new bone. These pits possess a distinct 
surface texture comparable to the texture on textured implants. It is also possible 
that these pits, like the fracture surface, help elicit a mineralizing response. 
With the evidence presented and the known similarities between fracture healing 
and implant osseointegration it is not difficult to consider that the mineralizing 
response to textured implant surfaces may in fact be a biological response to 
surface texture, at least in part. The trauma caused during implant insertion is 
not unlike the trauma of a fracture. It is possible that in the fracture-like healing 
cascade surrounding the implant that the osteoblast may 'view' the textured 
implant surface a fracture surface and begin the process of mineralization. 
Preparation of the peri-implant area will also cause fracture of bone and lead to a 
similar osseous response. New bone formation should occur at both the implant 
surface and at the implantation site. 
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11.4 Suggestions for Future Work 
Large differences in the osseous response to different surface textures were 
observed in this thesis. Most notable was the difference in bone apposition to the 
GB Ti surface (23%) and the PVD masked HA surface (59%)18. It is common 
practice to etch grit blasted dental surfaces to generate a more robust and 
extensive mineralizing response. Such practices applied to T JA may provide a 
bone response comparable to that observed with the HA coated surfaces. 
If surface texture is to be applied to porous coatings considerable work must be 
performed to ensure that the etching does not affect the integrity of these 
coatings. Etching processes can also be developed for porous surfaces 
fabricated from CoCr steel which are prevalent surfaces for implant fixation by the 
ingrowth of bone. 
The method of masking an HA surface by PVD will enable controlled 
investigation into the effects of HA under various pathological conditions. A 
greater potential benefit of the HA surface chemistry may be evident in such 
cases. 
There is much basic science work to be done investigating the confusing in vitro 
response to surfàce texture of murine stromal cell systems. The mou se is a weil 
characterized and heavily used species for in vitro investigation. As such, further 
understanding and assessment of this species for in vitro work related to implant 
mineralization is required. An in vivo murine femoral rod model would serve to 
determine if the mouse is indeed responsive to surface texture and, if so, 
refinements to the murine in vitro model may be required. 
Much work remains to understand and quantify the many aspects of surface 
microtexture to which osteoblasts respond. First, the development of high 
throughput analytical systems to determine the in vitro response to a variety 
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orthoapaedic materials would be of great potential utility. This system could then 
be employed to determine the in vitro response to a variety of precisely fabricated 
microtextured surfaces to determine if any specific aspects of the surface can be 
optimized to enhance the bone forming response. 
Finally, the role of bone microtexture in bone turnover, fracture healing, and the 
response of bone to use or disuse (Wolfs Law) warrants further investigation. 
OsteocJasts leave a "microtextured trail" that may serve as a direct stimulus for 
osteoblasts, indicating the precise location for new bone formation. Changes in 
the quality of bone or the resorption microtexture may impede osteoblast 
stimulation and new bone formation. The microtexture of the fracture surface may 
be important in cases of fracture non-union where micro-motion between bone 
fragments has reduced or changed the bone microtexture so that it is no longer 
an effective stimulus for new bone formation. The mechanical loading of bone 
creates micro-fractures that also possess a specific microtexture. These micro-
fractures may serve as a stimulus for new bone formation, providing a specific 
localized signal for bone deposition in weaker skeletal areas. 
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